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ABSTRACT 


The hydrogen bihalide ions XHY , where X, Y = 
F, Cl, Br or I were studied in aprotic solvents by nmr 
spectroscopy. The ly nuclear shieldings in all ten bihalide 
ions, and the a5 shieldings and H-F coupling constants 
in the four fluorine-containing bihalide ions were determin- 
ed. The H-F coupling was also observed for hydrogen fluor- 
ide dissolved in a few aprotic solvents. 

Solutions containing FHF were prepared from tetra- 
ethylammonium or tetrabutylammonium bifluoride salts. The 
solutions containing the other bihalide ions were prepared 
by adding a tetrabutylammonium halide to a dilute solution 
of a hydrogen halide. A quantitative proton transfer reac- 
tion occurs if the halide ion is a stronger base than the 
conjugate base of the hydrogen halide. 

The shieldings of the bihalide ions were obtained 
by analysis of the halide ion concentration dependence of 
the observed shieldings, which are averaged by rapid ex- 
change. However, in most cases the H-F coupling was not 
averaged by rapid proton exchange. The association cons- 
tants for the formation of most bihalide ions were large 
and the shieldings and coupling constants of these complexes 


could. be, directly .observed.. 


The ly shieldings of a hydrogen halide decreases 
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on the formation of bihalide ions and the largest change 
occurs on the formation of the homobihalide ion, NHXS . In 
all four homobihalide ions, the shieldings are about 14 ppm 
less than that of the corresponding hydrogen halide in the 
gas phase. A description of the shielding in terms of 
atomic contributions indicates that the hydrogen charge 
density in the homobihalide ion is less than that in the 
corresponding molecule. 

The formation of a hydrogen bond to the electro- 
philic hydrogen of hydrogen fluoride is shown to result in 


eke shielding. This decrease is consis- 


tent with that observed in ete oon and nile proton donors 


a decrease in the 


involved in hydrogen bonds, but it cannot be explained in 
terms of a simple model involving the change in the para- 
Magnetic shielding of fluorine as the polarity of the H-F 
bond changes. 

The first examples of the effect of hydrogen bond- 
ing on the H-F coupling constant of hydrogen fluoride are 
reported. A large decrease in J(HF) occurs on the formation 
of a bihalide ion. These coupling constants are: FHF , 

Hovells, Sh (stk Wray Ren A CWE ee (0a ies anlsdthe , eg an (0. ea 
and FHI , 437 + 5 Hz. The coupling constant of hydrogen 


fluoride dissolved in a few basic solvents was observed to 


decrease as the base strength of the solvent increases. The 
increase in the ionic character of the H-F bond is suggested 


as a possible explanation for the trend in J(HF). 
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CHAPTER 1 
INTRODUCTION 


The hydrogen bihalide ions are a class of 
hydrogen-bonded anion-molecule complexes of the form XHY , 
where X and Y are halogens. The best known of these com- 
plexes is the hydrogen bifluoride ion, FHF , which con- 
tains the strongest hydrogen bond known (1). This anion 
is stable in a variety of ionic crystals and has been 
extensively studied by a variety of techniques (2-4). 

In 1909, Kaufler and Kunz (5) reported the syn- 
thesis and analysis of a large number of hydrogen bihal- 
ides and correctly deduced both the ionic nature and the 
order of the atoms in the XHX moiety. This paper appears 
to have been overlooked and it was not until 1954, when 
the isolation of tetraethylammonium hydrogen bichloride 
was reported (6), that an active interest in these com- 
pounds developed. 

The impetus for the interest in the hydrogen 
bihalide ions can be attributed to their relevance in two 
major areas. Firstly, the triatomic XHY anion represents 
the simplest framework within which hydrogen bonding can 
be studied. These anions can be readily studied in solid 
compounds or in solution and they provide excellent ex- 
amples of strong hydrogen bonding. Secondly, the forma- 


tion of ion-molecule hydrogen-bonded complexes has been 
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found to play an important role in the solution chemistry 
of aprotic solvents. Recently a comprehensive review of 
acid-base behavior in aprotic solvents has been published 
(7). The behavior of acids in aprotic solvents very often 
involves a proton transfer to a base followed by the for- 
mation of a hydrogen-bonded complex between the conjugate 
base formed and the acid. Kolthoff (8) has coined the 
phrases, homoconjugation and heteroconjugation, to dis- 
tinguish reactions involving an dbia and its conjugate 
base from reactions involving an acid and the conjugate 
base of a different acid. Ago cei procedure will be 
used here to distinguish the hydrogen bihalide ions of 

the form XHX from those containing two different halogens. 
The terms homobihalide and heterobihalide will be used to 


designate these two classes of hydrogen bihalides. 


1.1 Properties of the Hydrogen Bihalide Ions 

An extensive survey of the literature on the 
hydrogen bihalide ions will not be presented here since 
there are recent reviews available (3,4,9). However, 
since the interpretation of the nmr results depend on the 
structure of these ions and the hydrogen bond strengths, 


these aspects will be reviewed. 
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The halogen-halogen distances have been deter- 
mined only for the four homobihalide ions (10-12). In 
each case the distance is about 0.5 A shorter than twice 
the van der Waals radius of the corresponding halide ion. 

The position of the hydrogen atom has been firmly 
established only for the hydrogen bifluoride ion. Hamilton 
and Ibers (2) have presented the evidence supporting the 
centrosymmetric structure of FHF and have discussed the 
difficulties involved in the structural determination of 
potentially symmetric hydrogen bonds. 

Evans and Lo (13) have obtained infrared spectra 
of a large number of crystals containing the C1HCl or 
C1DC1, ions. They found that the very broad absorption 


bands attributed to the C1HCl ion were considerably per- 


turbed by its environment in the crystals. There appeared 
to be two kinds of bichloride ions in crystals. Type I 
consisted of the cesium, tetramethylammonium, and hexa- 
decyltrimethylammonium salts, and Type II consisted of the 
tetraethylammonium, tetrapropylammonium, and tetrapentyl- 
ammonium salts. The unusual crystal CsCl 1/3(H,0-HC1.) has 
also been found to be of Type II (14). The tetrabutyl- 
ammonium bichloride was classed as intermediate between 
these two types. In solution, the bichloride spectra were 


essentially independent of the cation and closely resembled 
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the solid-phase spectra of the Type II salts. 

Evans and Lo tentatively concluded that the bi- 
chloride ions in the Type I salts have a linear asymmetric 
structure Ae Symmetry), and those in Type II salts have 
a centrosymmetric structure (Don symmetry). 

Subsequent studies on CsHCl. have shown that 
the bichloride ion in this salt cannot be centrosymmetric. 
Nibler and Pimentel (15) observed a weak peak in the 
CsHCl. spectrum at about 600 cmt which sharpened and 
increased in intensity when cooled to 20°K. They assigned 
this feature to the fundamental bending frequency, Vor 
and reassigned the much more intense feature at 1200 aig 
to the overtone, 2V5, rather than to the fundamental as 
previously proposed (13). The enhancement of the over- 
tone was explained in terms of the abnormally large dipole 
second derivative which occurs in the hydrogen bonds 
because of the large charge mobility along the bond (15). 
Nibler and Pimentel proposed, on the basis of the symmetry 
requirements for the enhancement of the overtone, that 
Type I ions have either Cay or lower symmetry. Inelastic 
neutron scattering studies (16) have confirmed this reas- 


Signment of V5 ay CsHCl.. In addition, these studies 


found that the symmetric stretching mode involved the motion 
of the hydrogen atom, which cannot occur in a centrosym- 


metric bichloride ion (17,18). 
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The evidence relating to the structure of the 
bichloride ion in Type II salt is less conclusive. An 
X-ray study (10) found that the bichloride ion in CsCl: 
1/3 (H,0°HC1,) is in a symmetric environment, and the 
interpretation of the infrared and Raman spectra indicated 
that the bichloride ion has a centrosymmetric structure 
in the crystal (14). The only other crystallographic 
study (12) of a crystal containing the bichloride ion 
found that the bichloride ion in the Type I tetramethyl- 
ammonium salt is not in a symmetric environment. 

Evans and Lo's (13) classification has been sup- 
ported by the nuclear quadrupole resonance studies of 
these bichloride salts. In the Type I salts, tetramethyl- 
ammonium (19,20) and caesium (20) bichlorides a single 


3544 


Signal was observed at approximately 20 MHz for the 
resonance. In the Type II salts, tetraethylammonium 
bichloride (19,21) and CsCl+1/3(H,0-HCl,) (20), a single 
resonance was observed at approximately 12 MHz. A semi- 
empirical calculation (19), based on a linear asymmetric 
structure for Type I bichloride ions, predicted a second 
resonance below 10 MHz. This prediction could not be 
verified because the frequencies below 10 MHz were inac- 
cessible to the spectrometer. Using the same empirical 


parameters, the resonance frequency for the centrosym- 


metric case was predicted to be 12.8 MHz. The self- 
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consistency of these calculations lends further support 
to the postulate that the chlorines in Type I bichloride 
ions are not equivalent and that they may be equivalent 
in the Type II ions. 

The hydrogen bibromide ions have been less 
extensively studied. Evans and Lo (22) observed the same 
Type I-Type II classification for the tetraalkylammonium 
bibromides and the compound CsBr+1/3(H,0-HBr,) has been 
classed as Type II (13). It is not known whether the 
biiodide salts also exhibit this behavior. 

Milligan and Jacox (23,24) have contended that 
the spectra assigned by Pimentel and coworkers (25,26) to 
the hydrogen bihalide radicals isolated in argon matrices 
should be assigned to the anion XHX . Both groups agree 
with the interpretation of the spectra in terms of a cen- 
trosymmetric structure for the triatomic species. The 
fundamental frequencies assigned to V1 and V3 POP GLC. 
and BrHBr, or for the corresponding anions, are almost 
identical to those for the Type II bihalide ions. What- 
ever the outcome of this controversy, these studies do 
indicate that the unperturbed configuration of these spe- 


cies is of Doh symmetry. 
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1.1.2 Hydrogen Bond Strengths 


The change in enthalpy, AH, for the reaction, 


(lel y eHx tia RNY, Serre R ENA Y 


(g) 4°" (crystal) 4 (crystal) 


where R is an alkyl group has been measured for several 
hydrogen bihalide ions. An enthalpy change of -37 kcal 
mole? was measured for the formation of tetramethyl- 
ammonium bifluorides (1). The magnitude of AH for the 
formation of the other homobihalides was found to increase 
as the size of the tetraalkylammonium cation was increased 
and AH appeared to approach a limiting value for the 
tetra-n-butylammonium cation (27). These limiting values 
of AH are tabulated in Table I. 

Calorimetric measurements have been recently 
carried out for the formation of the bihalide ions derived 
from HCl in sulfolane (28). The observed enthalpy changes 
were combined with the solvation energy of HCl to obtain 


the AH for the reaction, 


Bu ,NC1HX 


[1.2] HCl (solution) 4 (solution) 


+ Bu,NX 


(g) 4 


where Bu,N" is the tetra-n-butylammonium cation. The 
values of AH obtained are tabulated in Table I. 

The strength of a hydrogen bond is best defined 
as the AH for the formation of the hydrogen-bonded com- 


plex in the gas phase. The enthalpy changes observed in 
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Table I. Changes in enthalpy for the formation of 


the hydrogen bihalide ions. 


AH, Real. mote = 


Ion 
Equation (em % Equation Biya gas~ 
GIGI 9 -14.2 -13.9 -24 
C1HBr- -10.7 -16 
C1HI- -8 
BrHBr -12.8 -18 
IHI -12.4 


a. Reference 27. 
b. Reference 28. 


c. Reference 32. 
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reactions shown in Equations [1.1] and [1.2] differ from 
those for a totally gas-phase reaction by the differences 
between the crystal or solvation energies of the bihalide 
salt and the halide salt. There is evidence that these 
energy differences are appreciable. Waddington (29) has 
corrected the observed enthalpy changes for the formation 
of the alkali metal bifluorides in the crystal by calcu- 
lating the changes in the crystal lattice energies and 
obtained a value of -58 + 5 kcal mole +, These calcula- 
tions have been recently refined (30,31) by considering 
the charge distribution in FHF rather than treating FHF 
as a Single ion. An expression for the gas phase AH was 
derived for the formation of each alkali metal bifluoride 
as a function of the charge separation in FHF . The best 
solution to these equations gave a AH of -60 kcal nolems 
and a charge of -0.73 esu on the fluorine. 

Kebarle (32) has measured the equilibrium con- 


stant for the reactions of the form, 


L123] Ae (HS) eet gHA X” (HX) 


in the gas phase as a function of temperature using a 
mass spectrometer. Unfortunately, at the temperatures 


required to observe the case where n=l, AH could not be 
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measured, However the AH's given in Table I were esti- 
mated by extrapolating from the results for higher com- 
.plexes. These results are significantly larger than those 
observed for the formation of the bihalide ions by Equa- 


CEOnmiLei Olly. 2. 


1.2 Nmr Studies of Hydrogen Bonding 

The parameters which can be most conveniently 
obtained from high resolution nuclear magnetic resonance 
(nmr) spectroscopy are the chemical shifts and the nuclear 
Spin - spin coupling constants. The interaction between 
the applied field and the electrons surrounding the nuc- 
leus produces a small magnetic field at the nucleus which 
is usually opposed to the applied field. This "shield- 


ing" of a nucleus is defined by the relationship, 
aE ts 
[1.4] ets a7 (1 O;)Ho, 


where ve is the resonance frequency, Hy is the applied 
magnetic field, and y is the magnetogyric ratio of the 
nucleus. O5 is the shielding constant and the chemical 
shift is defined as (o; - el) where o. is the shielding 
of the reference, The coupling constant J(AB) (in units 
of Hz) arises from the magnetic interaction between two 


nuclear spins which are coupled indirectly by the elec- 
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tronic environment, and is defined by the expression, 


desteyy Eo? =n (AB) . 


AB I 


AGB! 
where EAB is the energy of interaction between the two 
nuclei with Spins I, and I, (in dimensionless units). The 
changes in the nuclear shieldings and coupling constants 
which occur on the formation of hydrogen bonds provide a 
convenient and a sensitive method for investigating 
hydrogen bonding. 
1.2.1 +H nmr Studies 

Most nmr studies of hydrogen bonding in solution 
have involved the measurement of the changes in the shield- 
ing of the electrophilic hydrogen in the proton donor 
molecule (33). The shielding of this proton is very sen- 
Sitive to the formation of a hydrogen bond and in virtually 
every case, the proton resonance is shifted to lower field. 
The only exceptions to this behavior are connected with the 
association to aromatic solvents which induce changes in 
the shielding as a result of magnetic anisotropy effects (34). 

The magnitude of the downfield shift has been 
found to be a useful qualitative measure of the relative 


strengths of the interactions between a proton donor and 


various proton acceptors. Several linear correlations 
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between these proton shifts and enthalpy changes have been 
established but the quantitative applications of these 
correlations are rather limited (35). These correlations 
require a correction of the proton shifts for any neigh- 
bour anisotropy effects (34) arising from the proton 
acceptor molecule, because these effects are usually not 
related to the changes in enthalpy (35). 

The chemical shift of the hydrogen bonded com- 
plex usually cannot be directly observed because the life- 
time of the complex is too short on the nmr time scale. 

To observe both the associated and unassociated states 


in an equilibrium of the form, 
(eles ce 5 


the lifetime of each state must be longer than the recip- 
rocal of the difference in the chemical shift (expressed 
in frequency units) between XH and XHB (36). For a typi- 
cal difference of 500 Hz, lifetimes of greater than nO. 
sec would be required to observe separate signals for HX 
and XHB. As the lifetimes become shorter, the increased 
exchange rate results in a broadening of the separate sig- 


nals which coalesce into a single peak when the lifetime 


reaches the value (36) 
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where AV* (in units “of /Hz)*is“the’ separation of the two 
Signals in the absence of exchange. This formula assumes 
equal population of the two sites. A further decrease in 
the lifetimes results in a narrowing of the single peak 


whose position corresponds to an apparent shielding given by 


Is = : ‘ 
etl Oo : P, Oo; 


where P is the fractional population of species i with 
shielding oO; participating in the exchange, 

In addition to the "whole molecule" exchange 
process of the proton donor molecule between the free 
and complexed forms, intermolecular proton exchange can 
also occur. This is usually the case since the electro- 
philic protons of most proton donors can readily undergo 
intermolecular exchange. This proton exchange process 
will have no effect on the average shielding of HX and 
XHB in Equation. 187) 1 fithemsolutcionvcontainse no other 
exchangeable protons. This exchange process can be 
detected in the nmr spectra in cases where the electro- 
philic proton is coupled to another nucleus in the mole- 
cule. Rapid proton exchange will cause a collapse of the 
multiplets arising from this spin-spin coupling into a 


Single signal (36). 
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1.2.2 Nmr Studies of Other Nuclei 

Large changes in the shielding of the heavy 
atom nucleus at the hydrogen bonding site have been 
observed in the limited number of cases which have been 


studied. The 13 


C shieldings of chloroform (38) dissolved 
in a variety of solvents were measured relative to that 
of a dilute solution of chloroform in cyclohexane. In 


oS 


basic solvents, the C shieldings were observed to de- 


crease over a range of 4 ppm. A similar study of the ey 
shieldings in pyrroles, amides, and indole found a de- 
crease of 1 to 15 ppm when the N-H bonds act as the pro- 
ton donors (39,40). The decrease in the heavy atom shield- 
ings were found to be linearly correlated with the cor- 
responding decrease in the Ls shieldings, which strongly 
Suggests that the changes in the heavy atom shieldings 

are dominated by hydrogen bonding effects (38,39). 


The effects of hydrogen bonding on the ay 


shieldings in ammonia and amines, the me shieldings in 


water and methanol, and the SES shielding in hydrogen 
fluoride have been studied. Downfield shifts were observed 
on going from the gas phase to the condensed phase for 
water (41), ammonia (42), methylamine (43), and hydrogen 
fluoride (44,45). The contributions of hydrogen bonding 


to these shifts are difficult to deduce since these mole- 


cules can act as proton donors or acceptors, and in these 
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highly associated liquids a molecule can be involved in 
both; roles. 

The mere shielding of ammonia, extrapolated to 
infinite dilution, has been measured in several solvents, 
mainly amines, alcohols, and ethers (46). In all cases, 
the 15, shielding of ammonia in these solutions was less 
than the shielding in the gas phase. A simple empirical 
model was used to separate the solvent dependence of the 
15 shielding into several components. Large downfield 
shifts (from 11 to 23 ppm) were attributed to various 
interactions between the solvent and the nitrogen lone 
pair, and small high field shifts (from 2 to 3 ppm) were 
attributed to the effects of hydrogen bonding between the 
ammonia protons and the solvent. The interactions between 
the ammonia lone pair and the -CH3, ~CoH,, -OH and -NH 
functional groups of the solvent, and hydrogen bonding 
between the ammonia protons and the solvent oxygen and 
nitrogen basic sites, were considered. 

Studies of the solvent dependence of the 154 
shieldings in aniline, methylamine, and N-methylacetamide 
found that while hydrogen bonding, via the N-H bond, 
seems to contribute to the observed downfield shifts, 


other, less well defined solvent interactions were also 


important (43). 
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Reliben (47) divided the 36 ppm (41) gas-to- 


al 


liquid downfield shift for the O shielding of water 


into two contributions by the following reasoning. The 
io shielding of water in a dilute solution in dioxane 

was found to be 18 ppm downfield from its value in the 
vapour; this shift was attributed to the hydrogen bond 
formed between water and dioxane, where water only acts 

as the proton donor. The average number of these hydro- 
gen bonds formed was calculated from the data of a 1s 

nmr study of this system, With the further assumption, 
that in liquid water each water molecule is involved in 
four hydrogen bonds (two via the hydrogen atoms and two 
by donation of the oxygen lone pairs), Reuben separated 
the effect of forming an HO-H- + +OH, hydrogen bond into 

the following contributions: a -12 ppm shift for the 
proton donor and a -6 ppm shift for the proton acceptor. 
In other systems (page 15), large downfield shifts were 
observed for non-hydrogen bonding interactions with the 
honetpaGey tiherefore, the jdiffierence in the eth shieldings 
of water in the gas phase and in dioxane solution cannot 
be completely attributed to the formation of hydrogen 


bonds by the O-H protons, and the -12 ppm shift for the 


proton donor is probably overestimated. 
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The O resonance of a series of solutions con- 


taining 0.2 M methanol and 0.6 M tetrabutylammonium halide 
in dichloromethane has been measured (48). The shifts in 


the 17 


O shieldings in these solutions, measured relative 
to methanol at the same concentration, were: forF , 

-0.9 ppm; for Cl , -7.9 ppm; for Br, -5.7 ppm; for I, 
-8.0 ppm. These downfield shifts can be attributed to 

the effects of hydrogen bonding since most of the methanol 
is complexed to the anion at these concentrations (49). 
There have been very few studies of the effects 


of hydrogen bonding on the Le 


ie) 


F shielding of hydrogen 
fluoride. The F shielding was found to decrease on the 
formation of hydrogen-bonded polymers in the gas (44,45). 


a9) 


In aqueous solutions, the F shieldings of the following 


Species increased in the order (50), 


F < FHF < HF. 


These shieldings were deduced from the concentration 
dependence of the observed exchange-averaged chemical 
shifts and the known equilibrium constants for the equi- 
libria involved. The me spectra of the bifluoride salt 
of primary, secondary, tertiary, and quaternary butyl 
ammonium, as molten salts have also been reported (519) 3 
aor nmr studies of hydrogen fluoride dissolved in carbon 


tetrachloride, benzene, and dioxane have been previously 
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The effect of hydrogen bonding on the atom at 
the basic site of the proton acceptor molecule is rather 
interesting. The shielding change of the proton acceptor 
atom appears to depend on its bonding to the rest of the 
molecule. The shielding of atoms which are 1m bonded have 
been observed to .increase on forming a hydrogen bond. 


This behavior has been observed for the oe shielding in 


methylisocyanide (53), the 14, Sshieldings in acetonitrile 
(53) and pyridine (54), the LN shielding in quinoline 


(43), and for the vi 


O shielding in acetone (55). In 
contrast, a decrease in the shielding of the atom at the 
proton acceptor site in water (47), methanol (47), ammonia 


(46) and trimethylamine (43) have been observed on hydrogen 


bonding. 


ieee COUPLING sCONS tances 


The solvent dependence of the spin-spin coupling 
constant has been well established (56-58). There is a 
number of cases in which the coupling constant between 
the electrophilic hydrogen in a proton donor molecule and 
the atom to which it is bonded has been found to be solv- 
ent dependent. The effect of hydrogen bonding on the coup- 
lings is generally quite small. Consequently the separ- 


ation of the effect of hydrogen bonding from other effects 
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There are very few examples in which the changes 
in the coupling constant of proton donors have been attri- 
bitbedtecoe themeiiectioiihydrogen bonding. » The variation 
of the SaCeH coupling constant observed in chloroform dis- 
solved in a number of aprotic solvents has been inter- 
preted in terms of hydrogen bonding (56, 59). The coup- 
ling) constant was found to range from 208.1. Hz in cyclo- 
hexane solutions to 217.7 Hz in dimethylsulfoxide solution. 
Linear correlations were observed between the increase in 
the coupling constant and the decrease in the 1 and iG 
shieldings (38). An increase in the magnitude of J (+368) 
in a number of different halomethanes has also been attri- 
buted to the effects of hydrogen bonding (60). 

The one-bond INeH coupling constant in aniline, acting 
aS aiproton donor towards a number of acceptors, has been 
observed to increase in magnitude by 5% (48). A recent 
review (57) has presented several other examples of sol- 
vent dependent coupling constants in which hydrogen bond- 
ing effects may also be important. 

The coupling constant in hydrogen fluoride has 
been observed by nmr only in liquid hydrogen fluoride at 
very low temperature. A value of 521 Hz was found for 


this coupling constant (61). The H-F coupling constant 


has also been deduced for hydrogen fluoride in the gas 
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phase from the molecular beam electric resonance spectrum 
and was found to be +530 + 23 Hz (62). This determination 
is too imprecise to allow a comparison of the coupling 
constant between the gas and the liquid state. However, 
this study did establish the sign of the coupling constant. 
Exchange processes will also affect the observed 
coupling constant. Rapid whole molecule exchange processes 
such as in Equation [1.6], will result in an observed 
coupling constant which is a population-weighted average 
of the coupling constants in the free and associated forms. 
Rapid proton exchange will cause a collapse of the multi- 
plet arising from a coupling to the exchanging proton 
into a Single peak. This effect arises from the averag- 
ing of the relative orientations of the coupled nuclear 
spins. Slow exchange results in a broadening of the indi- 
vidual peaks in the multiplet and a decrease in the separ- 
ation of the peak maxima. The multiplet will coalesce 
into a single broad peak when the lifetime t equals 
¥2/(2nAv), where Av is the separation in the multiplet 
(in Hz) in the absence of exchange (36). The separation 
of the peaks in the slow exchange region is given by the 


expression (assuming equal populations) (36) 


separation of peaks 1 HE 


[1.8] separation of peaks for large T ms 
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Lifetimes in the region of slow exchange can be estimated 


by (36) 
[1.9] Be 
eel 2 
where Av is the width at half-height due to the ex- 


2 


change broadening. 


1.3 Scope of the Thesis 

This thesis presents a study of the hydrogen 
bihalide ions in solution. A and 19% nmr spectroscopy 
was used to study solutions prepared by dissolving a 
hydrogen halide and a halide salt in an aprotic solvent. 

The results of the study of solutions contain- 
ing a hydrogen halide (except HF) and a tetraalkylammonium 
halide are presented in Chapter 3. Ideally, the forma- 


tion of the hydrogen bihalide in solution can be des- 


cribed by the following equilibrium 


me Ss Sia 


However, in some of the mixed systems, where X and Y are 
not the same halogen, other equilibria were found to be 
present. One aspect of this study was to identify the 
species present in solutions containing a hydrogen halide 


and a halide ion. An attempt was made to identify the 
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equilibria involved and to measure the association con- 
stants. The eo nuclear shieldings in the hydrogen bihal- 
ide ions (except those containing fluorine) are presented 
in Chapter 3. The dependence of these shieldings on 
the solvent, temperature, and the cation were investi- 
gated. 

Chapter 4 presents the results of the study of 
solutions containing the hydrogen bihalide ion of the form 


1) 


HUX@ Wwieresx —sh,eCly Br, and) 0s The 1s and F shield- 


ings, and the oa 


F-H coupling constants in these four bi- 

halide ions were measured. Dilute solutions of hydrogen 

fluoride in aprotic solvents were also studied to extend 

the rather limited data presently available regarding the 
effects of hydrogen bonding on heavy atom shieldings and 

coupling constants in proton donor molecules. 

A discussion of the 1a shieldings is presented 
in Chapter 5. An attempt is made to relate the observed 


TH shielding on hydrogen bonding to the 


decrease in the 
changes in the electronic structure between the hydrogen 
halide and the corresponding bihalide ion. The dependence 
of the proton shielding on the strength of the hydrogen 
bond, the base strength of the proton acceptor, and on 


the acid strength of the proton donor is discussed. 


Chapter 6 contains a qualitative discussion of 
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the changes in the a 


F shieldings. At present, the changes 
in the heavy atom shieldings in the proton donor molecules 
on hydrogen bonding are not very well understood. The 
Simple structure of hydrogen fluoride eliminates some of 
the complexities associated with other proton donor 
molecules. The changes in the toF shieldings are dis- 
cussed in terms of a model which has been found to be 
useful in the understanding of fluorine shieldings in 
small molecules. 

The variation of the F-H coupling constant 
in hydrogen fluoride on hydrogen bonding is discussed in 
Chapter 7. The change in the F-H coupling constant was 
found to be in an opposite direction to the changes 
previously found for proton donor molecules. A possible 
explanation for this behavior is presented. The correlation 
between the variation in the coupling constant and the 


strength of the hydrogen bond is investigated. 
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CHAPTER 2 
EXPERIMENTAL 
2.1 Materials 


2.1.1 Hydrogen Halides 

Matheson reagent gases, HCl, HBr, HI, were 
introduced into a vacuum system through anhydrous CaSO,, 
frozen with liquid nitrogen, and the noncondensible gases 
pumped off until the pressure was less than 5 microns. 
The solid hydrogen halides were sublimed three times through 
a series of U-tubes at a temperature at least 10° below 
their melting points (HCl from a methylcyclohexane slush 
bath at -126°, HBr from a methanol slush bath at -98°, and 
Baer ome i acetone/CO, mixture at -78°). No peaks attri- 
buted to water vapour were observed in the infrared spectra 
of the purified gases ( 10 cm path length, 300 torr pres- 
sure ) in the region 4000-500 em) and also in the region 


1 in the case of HCl and HBr. The HI was used 


300-100 cm> 
within one day after purification. After longer periods, 
the proton resonance of a freshly prepared solution of HI 
was found to be shifted downfield and gave a nonlinear 
temperature dependence. This behavior could be the result 


of the presence of iodine produced by the decomposition 


Orel ring thesgas) (63) " 
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Matheson HF (99.9%) was stored in a polytri- 
fluorochlorethylene tube attached to a monel and copper 
vacuum system, and was purified by three trap to trap 


distin abions. 


2.1.2 Halide Salts 
Eastman reagent grade tetraalkylammonium halide 


salts were predried in a vacuum desicator over P The 


BPS. 
tetra-n-butylammonium chloride (Bu, NC1) and iodide salts 
were recrystallized 2 or 3 times from acetone/diethylether 


(3:1 V/V). Final drying of all salts was performed by 


heating the salt (below its melting point) while pumping 


until the pressure was less than 107° torr. 


The tetrabutylammonium salts were analyzed for 
halide ion by titration with AgNO 3, using a potentiometric 
method to determine the endpoint. Analysis: Bu, NC1, 


fOunGm le 7) Ss eCal Culated 222/64" SUGNDr, -rOund) 2450/66, 


4 


calculated 24.79%; Bu,NI, found 34.42%, calculated 34.36%. 


4 
Melting points were measured in sealed capillary tubes 
with a calibrated thermometer and were found to be: Bu,NC1, 
Nig aae 0 aoe Omer 
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Tetraethylammonium fluoride (Et ,NF), obtained 
from Eastman Kodak, contained water which could not be 


completely removed by drying under vacuum at room temper- 


ature. After drying for one week, the salt was analyzed 
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for fluoride ion by a gravimetric method as triphenyltin 
fluoride (64), and for water by the Karl Fischer titra- 
tion (65). The analysis was consistent with a hydrate 
Et,NF(H50), 5. An aqueous solution of this salt had a pH 
of about 8 which indicates that there was no acid present. 
The Et ,NF hydrate decomposed to produce the 
bifluoride salt when slowly heated to 100° under vacuum. 
The volatile components were collected in a liquid nitro- 
gen cold trap and were identified by nmr as triethylamine, 
ethylene, and water. The presence of ethylene was con- 
firmed by its reaction with bromine in carbon tetrachlor- 
ide to produce 1,2-dibromoethane. The thermal decompo- 
Sition of the hydrated tetraethylammonium fluoride, as a 
solid or in solution, has been previously reported and the 


following two step process was postulated (66): 


1002 
Ce beeteueneinemen ane amaremamemeenn coal e 
PZ cgl | Et ,NF Et,N WSURe See CoH, 
PZrere| Et, NF aR Et,N-HF Et ,NHF. + Et,N. 


Reaction [2.1] is analogous to the Hoffmann elimination 
reaction of quaternary ammonium hydroxides (67). The F_ 
ion could take the same role as the OH ion in this elim- 
ination reaction. A possible alternative mechanism could 
involve a proton transfer from H,O to F , resulting in 


the formation of FHF and Et ,NOH which would decompose by 
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the Hoffmann reaction. 

The Et ,NHF , was precipitated twice from aceto- 
nitrile by adding diethylether and then dried for several 
days at 100° under vacuum. The melting point of the salt, 
determined in a sealed capillary, Wasei56,5o-160,0 sewatd 
evolution of a gas. Analysis for F , as triphenyltin 
fluoride, and for titratable acid in aqueous solution gave 
the following results: F , found 22.31%, calculated 22.45%; 
foe found 0.5895%, calculated 0.5955%. Water content by 
Karl Fischer method was less than 0.2% by weight. 

A mixture of Et,NHF. and Et,NDF 


4 2 4 2 
by dissolving Et ,NHF , in D,0 and then evaporating the 


was prepared 


water. Tne partially deuterated salt was purified as 
described above. 

An aqueous solution of Bu,NF was prepared from 
the bromide salt by exchange on a Dowex 21K anion exchange 
cOLunnsi nether tlLuorldestorm. 9 lhis  SOlut1OnsenadsalpHeor sd 
which is consistent with a simple fluoride salt. After 
concentrating the solution by removing most of the water 
by vacuum distillation at 40°, the remaining liquid water 
was removed by freeze drying. The resulting off-white 
colored crystals initially melted into a clear liquid 
when heated to 50° under vacuum and then solidified after 
several hours. On further heating under vacuum, the solid 


was slowly converted into a transparent, light brown 
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liquid with evolution of gases. After two weeks the solid 
had completely disappeared and the liquid produced waxy 


crystals.with,a,melting,pointaof 30<+.-28¢C.,,. The ly and 


ts nmr spectra of the final product in acetonitrile solu- 
tion showed the presence of only Bu,N" and FHF . This 
behavior is consistent with the formation of the hydrated 
Bu ,NF salt which decomposes on heating to form Bu ,NHF.. 
During the course of this reaction an additional peak was 
observed at 5 ppm below TMS in the aa nmr spectrum. This 
peak completely disappeared on further heating. This 
peak is probably due to Ba (H5O)s where x is-about 1 or 2 
since a peak was observed in the same position in the 
spectrum of Et,NF (HO), «5. 

The tetraalkylammonium bifluorides were handled 
as solids or as solutions in aprotic solvents in glass 
apparatus. No etching of the glass was visible after 


several weeks. 


ZL SOLVents 

Most solvents were treated with a drying agent 
and then fractionally distilled. The middle 50-75% frac- 
tions were collected and stored over 4A molecular sieves 
in a nitrogen atmosphere glove box. Drying tubes contain- 


ing anhydrous CaSO, were used to protect the solvent from 
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MS) 
atmospheric water during distillation at atmospheric 
pressure.Fischer reagent grade sym-tetrachloroethane and 
dichloromethane were refluxed overnight through a Soxhlet 
apparatus containing 4A molecular sieves. Both solvents 
were fractionated and the middle fractions, which had boil- 
ing ranges of less than one degree, were collected. Approx- 
imately 4% pentachloroethane, which should not significantly 
alter the solvent properties, was detected in the nmr spect- 
rum of the purified tetrachloroethane. 

Fischer reagent grade acetonitrile was stirred 
with CaH, for two days, then decanted and fractionally dis- 


2 


erinede from Po0. . This distillate was then refluxed over 


CaH, for two hours and fractionally distilled. 


Dimethylsulfoxide and propylene carbonate were 


stirred with CaH, and then fractionally distilled under 


2 


reduced pressure at temperatures below 70°. N,N-dimethyl- 


formamide was stirred with P.O. for three days, with KOH for 


one hour, and then fractionally distilled under reduced pres- 
sure at temperatures below 70°. Diethylether and cyclo- 
hexane-d, were fractionated from LiAlH,. Eastman spectro- 
grade nitromethane was fractionated under reduced pressure 
from CaSO,. Trichlorofluoromethane was fractionated. Tetra- 
methylsilane was stored over 4A molecular sieves; no water 


was detected in the nmr spectrum of this material. 
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202 Procedines 

Solutions containing hydrogen bihalide ions were 
prepared by condensing the hydrogen halide into a solu- 
tion containing the tetraalkylammonium halide. The tetra- 
alkylammonium halide solutions were prepared in a glove 
box under a nitrogen atmosphere. A large open dish of 
PO. was used to remove water vapour from the glove box. 
The halide solutions were made up in two milliliter volu- 
metric tubes. Using a calibrated 1 ml syringe, 0.500 ml 
(40.003 ml) of the solution was transferred to a 5 mm o.d. 
nmr sample tube. The sample tube was fitted with a ground 
glass joint which could be connected to an auxiliary stop- 
cock to exclude air. During the course of this work, this 
stopcock assembly was replaced by a less bulky metal valve 
with O-ring compression fittings. The tube was connected 
to a vacuum rack, frozen with liquid nitrogen, and pumped 
to less than rose torr. Hydrogen halide gas, measured by 
a mercury manometer in a calibrated volume (typically 35 
torr in 25 ml) was condensed onto the frozen solution, 
and the sample tube was sealed. More dilute samples in 
12 mm tubes were prepared in a similar manner. 

Hydrogen bifluoride solutions were prepared 
directly from the tetraalkylammonium salt. These solu- 


tions were found to be stable in glass sample tubes. 
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Hydrogen fluoride was handled in a vacuum system 
constructed from copper tubing, monel valves, and monel 
fittings. The cold trap and storage containers were fab- 
ricated from 3/4 inch polytrifluorochloroethylene rod and 
attached to the vacuum system by compression fittings. 
Pressure measurements were made with a Helicoid bourdon 
gauge (Type 460-K monel) which had a pressure range of 
0 to 1 atmosphere. 

The nmr sample tubes for hydrogen fluoride solu- 
tions were fabricated from polypropylene tubing (0.125 in 
o.d. with 0.016 in wall). The sample tube was attached 
to the vacuum line by an O-ring compression fitting 
(Cajon Ultra-Torr) and sealed by heating a thin glass 
sleeve, fitted snugly around the tube, with a hot air 
gun. These tubes will fit inside medium wall glass nmr 
tubes, which allows the sample to be spun in the spectro- 
Mecex.. 

The hydrogen fluoride gas was measured by pres- 
sure in a known volume at a constant temperature (26 + 1°), 
and then condensed into the sample tube cooled with liquid 
nitrogen. The actual amount of hydrogen fluoride used at 
a given pressure was calibrated to take into account poly- 
mer formation in the gas. Aqueous solutions, containing 


the same amounts of hydrogen fluoride as were used in the 
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nmr samples, were prepared by the same procedure and then 
titrated with NaOH using phenolphthalein as an indicator. 
The quantity of HF condensed into the sample tube was 
found to be reproducible to within 1%. 

The nmr spectra were obtained on a Varian HA-60 
or HA-100 spectrometer. For the iets Spectra, the internal 
reference, tetramethylsilane, was used for the lock sig- 
nal. The peak positions were measured by setting the 
Sweep oscillator at resonance and measuring the difference 
between its frequency and that of the lock oscillator. 
The a spectra were obtained at 56.445 and 96.4 MHz. A 
solution offtritluoroaceticoacidain acetonitrailes (S50¢eby 
volume) was used as an external reference to provide a 
lock signal. For samples in polypropylene tubes, the 
external reference was placed in the space between the 
inner polypropylene tube and the outer supporting glass 
tube. The external references were placed in capillary 
tubes for solutions in glass nmr tubes. Unless otherwise 
stated, spectra were obtained at ambient probe tempera- 
ture, 34 + 1°, in both spectrometers. 

The infrared spectra in the region 4000-500 cm > 
were obtained on a Perkin-Elmer Model 337 spectrometer, 
and on a Beckman IR-11 spectrometer for the region 300- 
100 cmt, Solution spectra were obtained using sample 
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hydrogen bihalides (except those containing fluorine) 
gave identical spectra in cells with NaCl or KBr windows 


in all cases. 


2.3 Chemical Shift Scale 

The chemical shift of a nucleus can be defined 
as the difference between its absolute shielding and the 
absolute shielding of a reference nucleus (34). The 
absolute shielding, o, referenced to the bare nucleus, is 
defined by the condition required for resonance given in 
Equation [1.4]. 

Throughout this work, all chemical shifts will 
be reported in parts per million (ppm) relative to a ref- 
erence. The symbol o will be used for both the absolute 
shieldings, and the chemical shifts or "relative shield- 
ings". o will always be accompanied by the reference 
when it is used to represent a relative shielding. The 
sign convention used throughout this thesis for the rela- 


tive shielding scales is defined by 


where R is the reference. Consequently a positive value 
means that the nucleus is more shielded than the refer- 


ence, 
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The difference between the shieldings of a 
hydrogen halide, HX, and the hydrogen bihalide ion XHY , 


will be called the complex shift, Awe and is defined as 


Pane A = 0) = © 


The hydrogen-bond shift, A, is defined as 


[2.4] A=da - oO 


where Ober is the observed average shielding of a solu- 
tion containing HX and XHY . Therefore negative values 
fobs fy Keye Aa indicate that the shielding has decreased or, 
in terms of the nmr spectra, that the resonance has shifted 
downfield. 

An absolute shielding scale referenced to the 
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bare nucleus has been established for ai and 
ings. The a shielding scale was established (68) by com- 
bining a measurement of the ratio of the electron and 
proton g factors for atomic hydrogen, with a measurement 
by Lambe (69) of the ratio of the g factor for the elec- 
tron in a hydrogen atom to that of a proton in liquid 
water. The value for the shielding of water reported in 
Reference (68) was recalculated, using a subSequent, more 


precisely determined value of the ratio of the electron 


and proton g factors for atomic hydrogen (70) and the 
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result of a recent theoretical calculation of the proton 


shielding in atomic hydrogen (71), to give 
Oo (HO, liquid, sphere) = 25.60 + 0.17 ppm. 


The absolute shielding of methane gas at zero pressure, 


determined from the relative shieldings of H.,0O, C,H and 
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CH, (72) , "is 
fo} (CH,) = 302.5502 0s Lym ppl. 


Hindermann and Cornwell (72) have established 
an absolute shielding scale for fluorine based on HF in 


the gas at zero pressure which has a value of 


o, (HF) = 410.0 + 6 ppm. 


All fluorine shieldings were measured relative 
to the internal reference, CF yy in order to compare shield- 
ings in different solutions without the necessity of cor- 
recting for the differences in the diamagnetic suscepti- 
bilities (34). The absolute fluorine shieldings of 0.1M 
CF, in solution are presented in Table II. The shieldings 


of CF, in solution were measured relative to an external 


4 
reference and converted to the absolute scale using the 


absolute shielding of a cylindrical sample of liquid 


CRG 72). The shieldings of CF, in solution relative 


ek 


to that of the external reference were corrected (34) 
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for the volume diamagnetic susceptibility, Xyr of the sol- 
vent by adding ~27Xx,/3 before converting to the absolute 
scale. The relative values of the shieldings in Table 


Ligavedaccizatetco mw thine opm? 


2.4 Analysis of 1:1 Complexes 
In the simplest case, the association of a pro- 
ton donor HX and a proton acceptor B can be described by 


the equation, 
fp 8 4) GE 


Such a system is readily studied by nmr in two limiting 
cases. In the case of slow exchange, separate signals will 
be observed for HX and XHB, and their concentrations may 
be evaluated independently. 

In the case of rapid exchange, only a single, 
population-weighted average shielding will be observed. 
The shielding of the complex and the association constant 
can be calculated using the Benesi-Hildebrand-Scott (BHS) 
equation (73,74) 
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Where K is the association constant defined by, 


7 wwe ‘ 
~Loe eft 20 . Xx \Wdilidtsqovaue oitenyensib smitov edt 
siufoeds edt ot pnitzsvaes sioted €\_xnS- palbbs yd: 


olds? at spaibioide oft 20 eevlev ovidsfex ext .sisoe 


aaxealqmod fet 


-orq 6 20 notdsizoees oft ,saso teeigqmie ent al 
yd bedizoseb sd aso d totqedos notoig 5 bas XH 10Mm]eb 


rT 
os 
>" 
, 
noid supe oa . ; 
; 
ax =—s a + XH 3 


pitjimi£ ows at umn yd Botbute yiibset ei meseye e- dowe j 
fliw eistpie stersqse ,Spisiioxes wole to sess sit al . 29889 a 
yam endissitasonod tists bos ,gHxX bos XH x02 bevaeedo od - 

. yisasbnedsbhat bosaukive be 


—_ 


,olpats s yino ,opnsifoxs biqst io ses oft ai : 
sbevasedo od Ilftw pntbistde spsireves bor dpiew-nottelugog a 
gnsseneoo notysiooses eit bas xelqmoo eds io paibLoetida od : 


(@H&) tt00@-basitdeblix-ieenes et pntau be¢sivuoiso ed ad 
(Av EF) — 


L a) 
“a tT - igh esen ; 


] 3 


.yd benttebh dastemoo nokistsezes sft et * ae 


38. 


pe eexHE) 
THXT [BT ’ 

and A, andeasareedefined! ins Equations [2.3] and [2.4]. An 
iterative procedure was used since the concentration of the 
uncomplexed base [B] is not known. Initially the total 
base concentration, Cpa, was used to approximate [B], and 
the value of Agr determined from a least squares fit to 
Equation [2.5] can be used to arrive at a better estimate 
of [B], since 
L2ni0d [Bie c= " 

(S 
where Cu is the initial concentration of HX. These values 
of [B] can be used for a second BHS analysis, yielding 
better values of Aue and so on to self-consistency. 

Error estimates of A, and K were determined from 
the least squares analysis and include the uncertainty in 
[B]/A arising from experimental errors in measuring peak 
positions and concentrations. 

The complex shift, Ane can be accurately deter- 
mined for an equilibrium with a large association constant 
Since the limiting value corresponding to the shielding of 
the complex can be directly observed in the presence of 
large excess of the proton acceptor. On the other hand, 


the precise determination of the association constant by 
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the BHS equation becomes more difficult for larger associa- 
tion constants (75,76). The association constant can also 
be calculated from A, and the observed shift A, of an 
individual sample. The fraction of the HX complexed will 
be equal to A/A, and the association constant can be cal- 


culated from 
eaeem K = 2 


where x = A/A,- The precision of this method is also 
limited since the quantity (1 - x) approaches zero for large 


association constants. 
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CHAPTER 3 


RESULTS OF A PROTON NMR STUDY OF BIHALIDE ION 


EQUILIBRIA IN SOLUTION 


The results of the nmr study of the hydrogen 
binalvdevions. XHY0,; where:x; Y = Cl, Br, and’ I, are pre= 
sented in this chapter. The object of the study was to 
obtain the nuclear magnetic shielding of the hydrogen 
bonded complex, XHY , and to measure the association con- 


stantlinisoilutions 


3.1 Solvents Used 

The choice of solvents is governed by somewhat 
contradictory requirements. The solvent must dissolve 
adequate amounts of salt (to ca. 0.5M) but must not con- 
tain labile or strongly electrophilic hydrogens. Basic 
aprotic solvents are unsuitable, since they are readily 
protonated by strong acids such as the hydrogen halides 
(77). Dichloromethane, sym -tetrachloroethane, and ace- 
tonitrile were used although even these were not entirely 
satisfactory. Acetonitrile reacts with the hydrogen hal- 
ides (77), but it was found that the reversible nature of 
this reaction allows the formation of most hydrogen bihal- 


ides. The halogenated solvents undergo slow halide ex- 
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change with the dissolved salts making it necessary to 
obtain the nmr spectra soon after preparation of the solu- 
tions. Where exchange was perceptible, it was possible 

to extrapolate back to the time of preparation of the 


sample and obtain reproducible results. 


3.2 Homobihalide Ions 

The homobihalide ions C1HCl , BrHBr , and IHI 
were studied by adding a small amount of hydrogen halide 
to solutions containing various amounts of the correspond- 
ing tetraalkylammonium halide salt. In all cases, only 
a Single proton signal was observed, whose linewidth was 
determined by the magnetic field inhomogeneity (0.2 Hz), 
in all but a few concentrated viscous solutions. The 
occurrence of a single concentration-dependent signal indi- 
cates that a rapid exchange process is occurring and the 
observed shielding is a population-weighted average over 


all species to which the proton has access. 


Sec Protonyshiteilding 

Figure 1 shows the effect on the proton shield- 
ing of 0.1M hydrogen halide, caused by the addition of 
tetrabutylammonium halide in sym -tetrachloroethane at 
ambient probe temperature (34°). The shieldings of HCl, 


HBr, and HI, referenced to TMS, are -0.9, 2.73, and 11.21 
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Figure 1. Dependence of the proton shielding on the tetra- 


butylammonium halide concentration: homobihal- 


ide systems. Hydrogen halide at 0.1M in sym- 


tetrachloroethane at 34°, 
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ppm, respectively. These observed hydrogen halide shield- 
ings in solution are 1 to 2 ppm less than those in the 
gas phase (78-80). The concentration dependence of the 
Shieldings of the hydrogen halides in solution in the 
range 0.05 to 042M was less than 0.02 ppm which indicates 
that there is no significant self-association. 

The HCl and HBr shieldings decrease and approach 
limiting values near the equimolar points. Further change, 
in excess halide, is of the order of 0.1 ppm. This limit- 
ing value is taken to be the shielding of the 1:1 complex, 
naib 

Table III presents the complex shifts A, deduced 
for several concentrations Cy of the hydrogen halide. 
These values were determined by an iterative procedure 
using the BHS equation. The "mean" values were determined 
by fitting the combined data with different values of Ch 
to a single BHS plot. Points in the region where the 
hydrogen halide was in excess were omitted from the ana- 
lysis presented in Table III, since evidence of the forma- 
tion of higher complexes of the form, X (HX) | was observed 
in this region. Figure 2 shows the points at low salt 
concentration in the chloride and bromide systems. In 
each case, the observed downfield shifts exceeds that 


which would arise from quantitative formation of XHX 
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Table Bit. Complex shifts of the tetra-n-butylammonium 


homobihalide ions in sym-tetrachloroethane 
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showing shifts in excess of that computed for 
1:1 ion-molecule association. Hydrogen hal- 
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(shown by the dashed line). Evidently, more than one mole- 
cule of XH-is participating in complex formation per ion 

X . Multiple equilibria of this type have also been 
observed in the chloride (13,27) bromide (27) and iodide 
(27) systems, in the reaction between the solid halide 

salt and the hydrogen halide gas. 

Samples containing 0.01M HCl and HBr were 
studied but the observed shieldings were not reproducible 
nor consistent with the other sets. In the region of 
excess halide, the observed downfield shifts were smaller 
than expected. This effect was most noticeable in the 
hydrogen bichloride system. The observed proton resonance 
tended to shift back upfield as the chloride concentration 
was increased, in the region of excess chloride. The 
observed discrepancies of 1 to 2 ppm COM ecw rd =. 2 OM 
tne expected value could arise from trace amounts of 
water. The shielding of 0.1M H,O was FOUNd COPS ert rr Onl 
=1.52' ppm to =-2.85 ppm vs. TMS’ onthe addition of 0. 9M 


Bu,NBr (81). On the basis of the trend in the proton 


4 
shieldings of alcohol-halide ion complexes (49), the 

shielding of H,O in the presence of Cl is expected to 
be less than -4 ppm. A water content of 0.01% in the 


chloride salt would be sufficient to account for the dis- 


crepancy in the 0.01M HCl solution, since the protons of 
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the water-halide complexes would be averaged into the 
observed shielding. 

Solutions containing HI became discolored after 
an hour due to the formation of iodine. These samples 
were kept frozen in liquid nitrogen after preparation, 
until their spectra could be obtained. The spectra of 
these solutions were monitored over the interval from 5 
to 30 minutes after the samples were removed from the 
liquid nitrogen. The observed change in this interval 
was less than 0.1 ppm to high field, and the shieldings 
used were obtained by graphically extrapolating back to 


zero time, 


3.2.2, Associatron Constants 

Table IV presents the association constants for 
the formation of the homobihalide ions in sym -tetrachloro- 
ethane at 34°. The values listed under Method 1 were 
determined from the BHS equation using the same data used 
to calculate the mean values of An ingtables Lie cae 
values listed under Method 2 were calculated from Equation 
[2.7] using the observed shift A, of individual points 
near the equimolar point, and the complex shift Aue The 
errors quoted for the values in Method 2 are standard 


deviations from 11 determinations in each case, 
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Table IV. Association constants for the 
formation of the tetra-n-butylammonium 
homobihalide ions in sym -tetrachloro- 


ethane at 34° 


-1 
Bihalide May) mole 

Method 1 Method 2 
ChHCER ca. 600 660 + 105 
BrHBr > 220 + 62 24087144 
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3.2.3 Solvent Dependence 

Table V compares shieldings in acetonitrile and 
dichloromethane with those observed in tetrachloroethane. 

Acetonitrile reacts with the hydrogen halides 
(with the exception of HF) to form compounds with the 
stoichiometry, CH,CN* 2HX, which can be isolated as solids 
(82). Infrared studies (82,83) and a neutron diffraction 
study of the HCl adduct (84), have shown that these com- 


pounds are acetohalogenimidium halides of the form, 


A white precipitate was observed in acetonitrile 
solutions of the hydrogen halides when the sample was 
thawed after preparation. This solid readily dissolved 
on warming. The nmr spectrum of the HCl solution showed 
a Signal at -4.0 ppm, but in the HBr and HI solutions no 
DroLcohmsignal, attributable to the _N-H proton could be 
observed. This presumably is a consequence of a slow pro- 
ton exchange mechanism which broadens the signal. How- 
ever, on the addition of Cl or Br to the HCl and HBr 
solutions, sharp peaks were observed at low field which 
became independent of the salt concentration at high salt 


concentrations. These limiting values are reported as 
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ClHCl and BrHBr shieldings in Table Vv. 

No peak which could be assigned to IHI was 
observed when excess I was added to the HI solutions in 
acetonitrile. The HI-acetonitrile complex appears to be 
more stable than the biiodide ion. 

The values in Table V indicate that the shield- 
ings of the bihalide ions show a small solvent dependence. 
The observed variation between solvents is of the order 
of a few tenths of a part per million, which is compar- 
able to the solvent dependence of nonlabile protons (85). 

The association constants in dichloromethane for 
the bichloride and bibromide ions were similar to those in 
sym -tetrachloroethane, The association constants in 
acetonitrile could not be determined because of the reac- 


tion of the hydrogen halides with this solvent. 


3.2.4 Cation Dependence 

The tetraethylammonium bichloride, the tetra-n- 
pentylammonium bichloride, and the tetra-n-heptylammonium 
bibromide were studied to determine the effect of chang- 
ing the counterion. In all cases, the complex shift and 
the association constant agreed, to within experimental 
error, with the values obtained for the corresponding 


tetrabutylammonium bihalides. 
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Sy2e5 Temperature Dependence 


The complex shifts of the homobihalide ions were 
measured at various temperatures using the same procedure 
employed to obtain the values reported at 34°C. These 
values are presented in Table VI. The complex shifts were 
found to be independent of temperature, to within +0.1 ppm, 
and the shieldings of the homobihalide ions showed a very 
small temperature dependence which paralleled the changes 
in the shielding of the parent hydrogen halides. 

The attempts to measure the changes in enthalpy 
for the formation of the bihalide ions in solution froma 
study of the temperature dependence of the association con- 
stants were not very successful. The association constant 
for the bichloride ion was too large to be measured accur- 
ately, and the biiodide solutions were not extensively stud- 
ied because a new set of samples had to be prepared for 
each temperature. An enthalpy change of -3.3 + 0.3 kcal 
mole + was obtained for the formation of the bibromide ion 
in tetrachloroethane from measurements in the range -40 to 
34°C. This value is much smaller in magnitude than those 
observed for the formation of the bibromide ion from isolat- 
ed constituents (see 1.1.2). In solution, the observed 
enthalpy change contains an endothermic contribution due to 
the difference of solvation energies between the reactants 


and the product (28). 
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Table VI. Temperature dependence of shieldings (in ppm) 


of the tetrabutylammonium bihalide ions. 
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3.3 Heterobihalide Ions 

Figure 3 shows the dependence of the proton 
shielding “of "HG on the addition of Br, and of HBr on 
the addition of Cl in sym -tetrachloroethane at 34°. 
The behavior of the corresponding chloride-iodide and 
bromide-iodide systems are shown in Figures 4 and 5. The 
same type of behavior was observed in dichloromethane and 


in acetonltrileysolutions. 


Oeoel Ldentitication of the Species in Solution 
These six systems show two distinct types of 
behavior. The proton shieldings of the following solu- 


tions, 


HBr + Ci> 
Hite cas 


Hotere re 


exhibit exceptionally large downfield shifts and do not 
reach a limiting value until more than a two fold excess 
of halide ion has been added. The limiting values of the 
proton shieldings in these solutions clearly indicate 
that the bichloride ion is formed, when an excess of Cl 
is added to HBr or HI. Similarly, the bibromide’ ion ais 
formed on the addition of excess Br to HI. The infrared 
spectra of these solutions unambiguously confirms the 
presence of the homobihalide ion in the region of excess 


halide. Figure 6 shows the ir spectrum of a solution 
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containing HBr and an excess of Bu,NCl. This spectrum 


4 
was indistinguishable from the solution spectrum of ClHCl . 


The spectrum of ClHCl was in good agreement with the spec- 
trum previously published (13). 

The halide ion added in these three solutions 
is a stronger base than the conjugate base of the acid. A 
proton transfer to the stronger base and the subsequent 
reaction of the hydrogen halide formed in this process 
would result in the formation of the homobihalide ion. 
The occurrence of the proton transfer step was confirmed 
by examining the gas phase over these solutions by infra- 
red spectroscopy. Solutions containing 0.2M hydrogen 
halide, and halide ion concentrations ranging from 0.1 


to 0.4M, gave the following results: 


over HBr + Cl: HCl gas 
over HI + Cl: HCl gas 
over HI + Br: HBr gas 


This proton exchange process has also been reported for 
the reaction between the hydrogen halide gas and the al- 
kali metal halide crystal (86). 

Solutions containing HX (X#F) and F were not 
studied because a dry soluble fluoride salt could not be 
prepared. These solutions are expected to result in the 


formation of the homobihalide ion FHF in every case, 
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when the F is in excess. The formation of FHF has been 
observed when any hydrogen halide was condensed onto an 
alkali metal fluoride surface (86,87). 

The concentration dependence of the proton shield- 
ings in the other three systems is consistent with the 


formation of the heterobihalide ions by the following 


equilibria: 

ey HC let Bi. a ae 
eye BOTs AG oem (CM (3 
Reine Lae 


The limiting shielding observed in solutions 
containing HCl and Br however, was identical to the 
shielding of BrHBr . Therefore, it may be possible that 


the following process may be occurring: 
[3.4] HCl + Br (excess) ———————PBrHBr + Cl 


In order to identify the species present, ir 
spectra of solutions prepared from HCl and Br were meas- 
ured in the region 4000 to 500 cmt, Solutions in dichloro- 
methane and in acetonitrile were studied since the absorp- 


tion peaks of tetrachloroethane obscured the areas of in- 


terest. The spectra of solutions containing HCl and Br 
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or HBr and Br in dichloromethane are shown in Rigure/s/.. 
These spectra were obtained using an empty reference cell; 
consequently the absorption peaks of the solvent are also 
present. The vertical arrows indicate the broad absorp- 
tion peaks arising from the bihalide ions. The dashed 
line estimates the absorbance due to the bihalide ion in 
the region obscured by this solvent. The absorbances in 
the region below 900 em? were estimated from the aceto- 
nitrile solutions which were not obscured by strong sol- 
vent absorption in this region. These spectra compare 
very well with the solution spectra of C1HBr and BrHBr 
previously reported (22, 89). 

The absorption peaks of the bihalide ions are 
very broad, but the ir spectra of ClHBr can be readily 
distinguished from that of BrHBr . The absence of the 
strong absorption of BrHBr in the region from 700 to 


TO50eent— 


in the spectra of the solutions containing HCl 
and Br is quite evident. However, small amounts of 
BrHBr would be difficult to detect since its very broad 
absorption peaks could be masked by the cation and solvent 
absorptions. The lack of a change in the general features 
of the C1HBr spectra in Figure 7 (a) and (b) as the ratio 


of the concentrations of HCl:Br is changed from 1:1 to 


1:3, also indicates that very little BrHBr is being formed. 
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Figure 7. 
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Infrared spectra of solutions containing HCl or 
HBr, and Bu, NBr in dichloromethane. 

(a)e {HCI} )(Bre@)=140) (5) gee hCl |e) Brel = leo, 
(c) [HBr]: [Br ]=l:1. The dashed lines repre- 
sent the absorbances observed for corresponding 
acetonitrile solutions. Arrows indicate bihal- 


ide ion absorptions. 
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Furthermore, in the gas phase over solutions containing HCl 
and Br , no HBr, whose presence would support the postulate 
of Equation [3.4], was observed in the ir spectrum. 
Thus, the ir data show that large amounts of BrHBr | 
are not formed in solutions containing HCl and Br. The 
nmr data show that the observed shieldings in the region 
of excess Br. becomes almost independent of the Br  con- 
centration. Although this evidence does not exclude the 
presence of significant amounts of BrHBr , it can be con- 
cluded that the proton shielding in C1HBr must be very 
similar to the shielding in BrHBr . 

The spectrum of a solution containing HCl and 
Bu, NI contained a very broad, strong absorption band cen- 
tered at 2100 cm7> which agrees with the value of 2025 
cm + reported for Bu, NC1HI in the crystal (89). A second 
weaker band reported at 990 cm + was not observed. 

No peaks, which could be assigned with any con- 
fidence to BrHI , were observed in the ir spectrum of 
solutions containing HBr and Bu,NI. The ir spectrum of 


BrHI has not been reported. 


Seep eealalysis OL st Complexes 
Table VII presents the complex shifts and asso- 


ciation constants deduced from the BHS equation assuming 
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Table VII. Complex shift and association constants for the 
heterobihalide ions assuming 1:1 complex for- 


mation in sym -tetrachloroethane at 34°C. 


et 


Complex* ct -l i ay Be! Gi, 
moles & & mole ppm ppm vs TMS 

C1HBr 0.200 97 + 47 ~9,26 + .13 

0.100 114 + 49 -9.24 + .08 

mean LOVat= 2S =9725"2r". 06 aol Wt W tpg i 
GiHie Om 00 24 + 6 -6.28 + .10 

0.100 20 + 4 -6.25 + .09 

0.0508 20 + 4 =6uTo St 209 

mean 22483 ~6.23 + .06 -7.13 
BrHI 0.200 DT 7 OO ete OS 

0.100 25 + 3 ET 92 Phegs 

0.0508 25 +2 = heb? tas 0 4 

mean 27 + 4 -7.80 + .06 -5.07 


*tetra-n-butylammonium cation. 
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1:1 complex formation as described by Equations [3.1] to 
[3.3]. Data for solutions containing an excess of hydro- 
gen halide were not used in the analysis since complexes 
ofthe form Y (HX), where n is greater than one, may 
have been present. 

The association constants and complex shifts in 
tables Vil ane reasonably independent of the hydrogen hal- 
ide concentration which is consistent with the formation 


of 1:1 complexes. 


3.3.3 Solutions Involving Proton Transfer Reactions 

In Figures 3 to 4, solutions containing equimolar 
amounts of HX and .Y ,or HY and X have the same aver- 
age shielding. The infrared spectra of these solutions 
were indistinguishable which indicates that the composi- 
tion of these two solutions are identical. This indicates 
that these solutions are in thermodynamic equilibrium 
with respect to proton transfer. As a further check, sev- 
eral samples were made up which duplicated previous runs 
in over-all halide and proton concentrations. To dupli- 
cate a solution with Cu molar HX and Cy molar Yr, a solu-— 
tion would be made up containing HX, HY, X , and Y such 


that 
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[HX] + [HY] = Cy 
[HX] + [xX ] = e. 
Pay [oe Ya Ce 


These solutions gave the filled points in Figures 3 to 5. 
The excellent agreement between these solutions implies 
that complete and rapid equilibration of the proton trans- 
fer reactions takes place. 

The equilibria involved in these solutions will 
be considered using the HBr-Cl system as an example. The 


proton transfer process could be described as 
[3.5] HBG ee CORD eC re 


or more Simply as 


[3.6] feo 6 = fen se ee 


Since the equilibrium constant for Equation [3.6] in solu- 
tion is expected to be very large, the proton transfer can 
be considered to be quantitative. This has been found to 
be the case in the totally gas-phase reaction and in the 
reaction between the hydrogen halide in the gas and the 
Ssolidunalide salt. The forward reaction in Equation gi3.o] 
was observed in the gas phase using ion cyclotron double 
resonance, while the reverse reaction could not be detec- 


ted (90). The solid Bu ,NCLHBr salt was found to decompose 
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into HCl and Br on heating (89). Mass spectral studies 
of the vapour phase over solid NaCl at 190°K in contact 
with HBr showed that after the admission of HBr, gaseous 
HCl was present and only a trace of HBr 

remained after a 30 second exposure to the surface (86). 

The composition of solutions which result from 
a quantitative proton transfer from HBr to Cl will depend 
on the relative amounts of these two components initially 
added to the solution. 

When the number of moles of Cl added are less 
than the number of moles of HBr added, all the Cab eptilal 
be converted to HCl and the following equilibria will be 
established: 

HCl + Br === C1HBr- 


‘spe 25 ie ° —— UNGisie - 


When equimolar amounts of HBr and Cl are added, 
all the HBr and Cl will be converted into HCl and Br 


and the solution can be described by the single equilibriun, 


HG Boe fo iClMBre: 


When an excess of Cl is added, the solution 
will contain no HBr and the solution can be described by 


the equilibria, 
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HCl ee eo Ce 


HCle+ 528 Clher ae 


When a large excess of Cl is added, the predominant bihal- 
ide species will be Cl1HCl since the association constant 
for its formation is larger than that for the formation of 
C1HBr . Also the Cl” concentration will be larger than 
the Br. concentration which is limited by the amount of 
HBr initially added. 

If a quantitative proton transfer reaction is 
assumed, the equilibrium concentrations of all species 
can be calculated since the association constants for all 
the equilibria assumed to be present are known. Since 
the shieldings of all of these species are also known, 
the average shielding can be calculated. Figure 8 shows 
the concentrations of the proton containing species cal- 


culated for solutions containing Bu,NCl and an initial 


4 
concentration of 0.1M HBr in tetrachloroethane. A com- 
parison between the observed shieldings and the calculated 
values (solid line) is also shown in Figure 8. The cor- 
responding comparisons for solutions containing HI and 

Cl or Br are shown in Figure 9. The details of these 


calculations are presented in the Appendix. 


The agreement between the calculated and observed 


-Isdid snsnimobsxq edt ,bebbe et “{[D to aeenxs spiel 8 ee 3 

snstenod motdsivoess oft: sonia “rontD ed ILiw hie Te 
20 noltsmio2? ort rot tedd asdt arsptel ef nolsemto? a3 Gok 
asis xspxsi od Iliw notjsttneonos “TD odd o@lA "aHL9 re 
to tnuoms odt yd botimil et dotsiw noitsiasnesaop “x8 elt 


.bobis ylisisiai 24H 
> abpre 


ai nottosor istensxs aosorq avisssiineup & az 
eoinega Ifs 10 eaoLssijnsono0o muiszdilivps od _bomuees - 
iis xot esnssenos MoLIHLDOB#S eit sonte betsivuolso ed “6D ro 
sonie .mwornkt sis tn9esiq sd ot bemvees etxdt Linpe ort | 
,nwont ozfs ers estosqe seeit to iis to apribietda oft 
ewora 8 sxupit  .bedeluolso od aso pribioide spstevs ods | 
-~{s9 esfosqe paintstaoo mosorq srs to enolissisieoneo ent 
fsitinit ne bus [OMe pnintstnos enoituloe 102 spedaist i 
-moo 4 .ansdtsoxzcldpsxtes ai 1a MI.0 20 nottexdnsoncs 


5 - 


beteivsiso oft bas epaibisise bevirsedo eft nsawted noesixsg 
hae 
“105 SAT .8 s2upiT ni awode oeis ei (onil bilos) esulsyv 


bas IH pnintesnos enottuloe toi engatisqmoo pntbaogess q 


easdt to elisdeb sit ..@ stppia at nwote ots 38 20 "£9: « 
.xibneggs id ni eda odnpati Sis snotdatwoles© 

> inte - S 
bevisedo bas beteluolso ond SAiee? jnemeexps. oT Hf 


62.4 


7p) 
= 
—_ 
= O 
” 
> 
E 
ie 
jo 
a) 
mo 
= 
ao) 
oe 
<= 
« 7i1Q 
c 
oO 
— 
° 
he 
Qa 
“15 


tJ 
3) 
Cal 
° 
= 
0:2 0:4 
CI” added, mole liter~' 
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CLons containing, 0 vJIMsHBroand Bu,NC1 with the 
calculated values (solid line). The bottom 
figure shows the calculated concentrations of 


the proton containing species. 
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shieldings is satisfactory. The largest discrepancies 
occur at low salt concentrations and are probably due to 


the neglect of complexes of the form xX (HY). 


3.4 Summary 

The postulated 1:1 association of HX and X 
appears to be adequate to describe the shielding in solu- 
tion when the halide ion is in excess. The deduced bihal- 
ide ion shieldings are fairly insensitive to the tempera- 
ture, the nature of the tetraalkylammonium cation, and 
the solvent. 

The heterobihalide ion XHY appears to be formed 
when an excess of the halide ion Y is added to the hydro- 
gen halide HX, where Y has a larger atomic number than X. 
The requirement that Y has a larger atomic number is con- 
sistent with a weaker base strength of Y compared to x . 
When the halide ion added to a solution is a stronger base 
than the conjugate base of the hydrogen halide present, 
the proton is transferred from the hydrogen halide to the 
halide ions. The nmr and ir spectra of these solutions 
could be adequately described by assuming that the species 
present in solution are formed from the products of a 
quantitative proton transfer reaction. 


The shieldings in the homobihalide ions are 
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remarkable in two respects. The downfield shifts of 13 
ppm are exceptionally large and are about the same in all 
three bihalide ions. 

Some trends in the complex shifts and the associa- 
tion constants are evident. For a given hydrogen halide, 
the magnitudes of the complex shifts and the association 
constants increase as the halide ion becomes smaller. 
There is a good linear correlation between A. and log K 
for the bihalide ions containing HCl. 

The magnitudes of An for the hydrogen halides 
complexed to a given halide ion vary in the order HI > 
HBr > HCl. There is no consistent trend apparent in the 
association constants for the hydrogen halides complexed 
to a given halide ion. 

There has been a nmr study of the hydrogen 
bihalide ions containing HCl recently reported (91). The 
shieldings reported for the bihalide ions ClHC1), C1HBr, 
and ClHI in sulfolane were -15.9 + 0.3, -11.7 + 0.4, and 
~9.7 + 0.5 ppm versus TMS, respectively. These shieldings 
are ca. 2 ppm further downfield than the corresponding 
values reported here. These discrepancies are probably 
too large to be the result of solvent effects. The pro- 
cedure employed to study the bihalide ions in sulfolane 
was similar to the procedure used here, except that lar- 


ger concentrations of HCl were used (0.2 to 0.46M) and 
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the shielding in the region of excess halide was not stu- 
died. The shieldings reported for the bihalide ions in 
sulfolane may not be as reliable since corrections had to 
be made for the presence of water which was found at con- 
centrations from 0.02 to 0.025M. At these concentrations 
the exchangeable water protons amounted to 10 to 20% of 


the HCl concentration. 
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CHAPTER 4 


RESULTS OF THE NMR STUDY OF HYDROGEN FLUORIDE COMPLEXES 


This chapter presents the nmr study of the hydro- 
gen-bonded complexes of hydrogen fluoride. The hydrogen 
bihalide ions of the form, FHX , where X=F, Cl, Br, and I 
were studied as well as solutions of HF in several aprotic 
solvents. In these complexes of HF, the effect of hydrogen 


bonding on the ae 


F shielding and on the H-F nuclear spin- 
Spin coupling constant can be observed in addition to the 


change in the Hl shielding. 


avleBbuelucEerde Lon 

Solutions of the bifluoride ion were prepared 
directly from the tetraalkylammonium bifluoride salt. 
Figures 10 and 11 show the proton and fluorine spectra of 
the bifluoride ion of the tetraethylammonium salt dis- 
solved in acetonitrile. The identical separation, in Hz, 
of the peaks in the triplet and doublet in the aA and oor 
spectra indicate that a H-F spin-spin coupling of a pro- 
ton with two equivalent fluorines is being observed. This 
is consistent with the previously established centrosym- 
metric structure of this ion (2). 


The H-F coupling was not observed in a previous 


mmr study of the bifluoride ion in an aprotic solvent (51)7, 
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Figure ll. 
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Or in the study of HF dissolved in aprotic solvents (52). 
The only previous H-F coupling observed by nmr was in 
liquid HF at very low temperatures (61). The surprising 
lack of exchange averaging of the coupling constant ob- 
served in this study can be attributed to the lack of suf- 
ficient amounts of impurities which catalyze proton trans- 
fer reactions (36), and to the large association constant 


for the equilibrium, 
pain) HF + F === FHF 


A large association constant implies that the rate con- 
stant forthe dissociation of FHF is relatively small 
compared to the rate constant for its formation. Conse- 
quently, the average lifetime of the FHF ion is long 
enough to allow observation of the H-F coupling in the 
nmr spectra. The lifetime of FHF can be estimated from 
the line broadening due to exchange. At 34°, the width 
at half-height of the absorption peaks of FHF in aceto- 
nitrile was about 5 Hz, which would correspond to a life- 
time of* ( 51) + sec. or 64 msec., if the contribution from 
the natural linewidth in the absence of exchange is neg- 


lected. 
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4.1.1 Nuclear Shieldings and Coupling Constant 


The li and 19 


F nuclear shieldings and the coup- 
ling constant J(HF), for the bifluoride ion are given in 
Table VIII. The solvents used were acetonitrile (AN), 
N,N-dimethylformamide (DMF), and nitromethane (NM). The 
proton and fluorine shieldings are referenced to internal 
TMS and CF, respectively, and positive shieldings indicate 
that the nuclei are more shielded than the reference. 

The H-F coupling was observed in the spectra of 
acetonitrile and DMF solutions at temperatures below 60°, 
but in nitromethane, the coupling was not observed until 
the sample was cooled down to 0°. In acetonitrile, the 
linewidths at half-height were about 5 Hz at 34° and 
sharpened to 1 Hz on cooling to -30°. The linewidths in 
DMF solutions were slightly larger than in acetonitrile, 
and in nitromethane, the sharpest lines observed were 
about 5 Hz at half-height. In the chlorinated solvents, 
carbon tetrachloride and sym -tetrachloroethane, only a 
single very broad peak was observed which could not be 
resolved on cooling. 

In the concentration range studied (from 0.05 
to 0.5M), only small changes in the shieldings were 
observed, about 0.02 ppm for the proton and 0.2 ppm for 


the fluorine shieldings. There was no concentration 
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dependence observed for the coupling constant. Correspond- 
ing solutions containing tetrabutylammonium bifluoride 

were also studied and there were no observable changes in 
the bifluoride spectra. Therefore the bifluoride spectra 
may be regarded as substantially invariant to the concentra- 
tion and the cation. 

There has been a nmr study of the bifluoride 
salts of primary, secondary, tertiary, and quaternary 
butylammonium salts previously reported (51). The spectra 
were obtained from the molten salts at 30° and the proton 
signal of FHF was a broad singlet appearing at -12.03 to 
gNH HF, was studied in CDCl. 


solution and the proton signal of FHF was reported at 
9 
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3° 
primary to the quaternary ammonium bifluoride salts. These 
fluorine shieldings converted to CF y (internal) as a refer- 
enee rarige from 3s9.*tovl0S5 "ppm. Since the results for 


Bu,NFHF were only reported for the molten salt, a direct 


4 
comparison with the results reported here is uncertain. 
However the a shieldings appear to be insensitive to the 
cation for this series and the discrepancy between the 


proton shielding of FHF in chloroform and those reported 


here is too large to be attributed to solvent effects, 
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Table VIII. Nuclear shieldings and coupling constant in 


tetraethylammonium bifluoride at infinite 


aDiveton. 
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This discrepancy of 4 ppm could result from the presence 
of impurities with exchangeable protons which are more 
shielded than the proton in FHF . Rapid exchange processes 
among these protons would shift the observed 1h resonance 
to ihigh efield: 

The fluorine shielding of FHF~ in water has also 
been determined (50). The concentrations of F , HF, and 
FHF were calculated from the known equilibrium constants 
for the formation of FHF and for the acid dissociation of 
HF in water. From the observed fluorine shieldings of 
solutions containing various amounts of these species, the 
shielding of FHF relative to F. was found to be 33 + 1 


ppm. This value is equivalent to 89 ppm vs. CF, (internal), 


4 
which is in excellent agreement with the values reported 


here for the aprotic solutions. 


4.1.2 Temperature Dependence 

The multiplets arising from the H-F coupling in 
FHF were observed to broaden on heating and coalesced at 
70°. However, on cooling, the linewidths were signifi- 
cantly broader. Presumably HF attacks the solvent at high 
temperatures and produces impurities which catalyze pro- 
ton exchange reactions. A similar behavior was observed 


for FHF in DMF solutions. A more extensive investigation 
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of the exchange processes, which gives rise to the collapse 
of the coupling constant, could not be carried out since 
the line shapes were not reproducible. 

ue) 


The temperature dependences of the aH and F 


shieldings with respect to TMS and CF respectively, were 


4? 
linear in the temperature range -40 to 34°. These tem- 
perature dependences are given in Table IX. No tempera- 


ture dependence of the H-F coupling constant was observed 


within the uncertainty in measuring the peak positions. 


4.1.3 Deuterium Bifluoride Ion 

The deuterium isotope effect on the fluorine 
shielding was determined from solutions containing a mix- 
ture of FHF and FDF in acetonitrile. The fluorine spec- 
trum of the tetraethylammonium salts is shown in Figure 
11. The deuterium isotope shift, defined as Capr- 7 CRHF- 
TsetOet02.0.02 ppm. “This 24Sotope er fectawas, Loundstomve 
independent of the concentration and temperature. The 
isotope effect in the bifluoride ion is much smaller than 
the corresponding deuterium isotope shift in hydrogen 
fluoride which is 1.64ppm in the liquid (45) and 2.5 ppm 
in the gas phase (44). 

A D-F coupling constant of 18.1 4 0.3 Hz was ob- 


served for FDF in acetonitrile at -30°. This value of 
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Table IX. Temperature dependence of the shieldings in the 


bifluoride ion in the range -40 to 34 °C. 
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J(DF) gives OYn/ Vn) y DR) =il7 9) 452.1 hz which: shouldebesequis 
valent to J(HF)=120.5 +0.1 Hz in the absence of an isotope 
effect on the coupling constant. The difference of 276 2 2-1 
Hz is not significant since the separation of the peaks aris- 
ing from the D-F coupling are smaller than the actual value 
of J(DF) because of exchange effects (see section 1.2.3). 

If the lifetime of FDF in solution is approximated by Equa- 
tion [1.9], Equation [1.8] would predict that the observed 
J(DF) is about 0.1 Hz smaller than the actual value. A 


change of this magnitude is sufficient to account for the 


difference between (Yu/Yp)d (DF) angi) (HE)? 


4,2 Heterobihalide Ions 

The heterobihalide ions were prepared by adding 
a small amount of HF to solutions containing tetrabutyl- 
ammonium halide. 

The nmr spectra of a dilute solution of HF in 
acetonitrile indicate that HF is present as HF molecules. 
A doublet with a separation of 476 Hz was observed in both 
tne 1h and hy Spectra. This doublet arises from a coup= 
ling of one proton to one fluorine and the magnitude of 
the separation strongly suggests that these nuclei are 
directly bonded. This coupling constant is significantly 
smaller than the coupling constant of 521 Hz observed in 
liquid HF (61) which suggests that HF is complexed to the 


solvent. Infrared studies have also found that HF, in 
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dilute solutions in acetonitrile, exists as a molecular 
complex with the solvent (92,93). 

On the addition of chloride or bromide to a 
0.22M solution of HF, the proton and fluorine resonances 
shifted downfield and reached a limiting value in the 
region of excess halide. The doublet due to the H-F 
coupling constant collapsed when a small amount of halide 
was added and reappeared only in the region of excess 
halide. The H-F coupling constant in the presence of an 
excess of halide was also invariant to the halide concen- 
tration. These observations indicate that the hetero- 
bihalide ions are formed and that the association constant 


for the reaction, 


Ane te te 


where X is Cl or Br, is large. The linewidths of the 
doublets in the spectra of FHX were broad but well re- 
solved at ambient temperature and sharpened, on cooling 
to -40°, to ca. 5 Hz at half-height. Figure 12 shows a 
proton spectrum of FHCl at -40° in acetonitrile. 

The 'H and *°F shieldings of FHCl and FHBr 
were determined by the BHS equation and are presented in 


Table X., The coupling constants reported in Table X 


were those observed in the region of a large halide ion 
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-800 -600 -400 
Hz vs. TMS at 60 MHz 


Figure 12. “the a5 nmr spectrum of FHCl ion of the tetra- 


n-butylammonium salt in acetonitrile at -30°. 
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Table X. Nuclear shieldings and coupling constants in 


the tetrabutylammonium heterobihalides in 


acetonitrile. 
Species Tec On, ppm On, Ppm J (HE) DZ 
vs. TMS vs CF, 
HF 34 -~7.20 + 0.05 T2084 270.1 479 + 4 
-40 376484 tOn02F cprse7itregaim W476 +1 
FHC1 34 =-10/34 #0 's06 84.6 + 0.4 404 + 2 
FHBr 34 -8.76 + 0.05 84.4 + 0.5 428 + 2 
=40 -8.88 + 0.03 gzkz fro. 3 aoe £20. 2 
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concentration where the coupling constants were indepen- 
dent of the halide ion concentration. 

The dependence of the fluorine shielding and 
the H-F coupling constant on the concentration of FHX , 
where X = Cl or Br, was studied by using solutions con- 
taining a large constant amount of X (0.7M) and varying 
PicwibmacUcumr. OO. 05e los. 22M uel leeLYractelOneOcelt acon. 
plexed to X in these solutions is expected to be almost 
constant.* The fluorine shielding at -40° was found to 
decrease by 0.5 ppm as the HF concentration was decreased 
from 0.22 to 0.05M. No change in the coupling constant 
was observed within the uncertainty (+1 Hz) in measuring 
the peak positions of the dilute samples. Therefore the 
values in Table X are representative of the infinite 
dilution values. 

The association constant for the formation of 
FHI was much smaller. The fluorine shielding and the 
observed coupling constant continued to change as the io- 
dide concentration was increased and did not reach a lim- 


iting value. This behavior is consistent witha rapid 


*A calculation, assuming a reasonable value of 100 & 
mole7. for the equilibrium constant, found that the 
fraction of HF complexed in these solutions varies by 


only 0.4%. 
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exchange process described by Equation [4.3], and the 
observed shieldings and coupling constants are population 
-weighted averages of the solvated hydrogen fluoride and 
bihalide values. The continuous resolution of the coupling 
constant indicates very little occurrence of reactions 


such as, 


[4.4] FHI =F + HI, 


or other processes which would average the relative orien- 
tations of the nuclear spins of a given H-F and result in 
a collapse of the spin-spin coupling. The linewidths at 
=40° were ca. 40 Hz at halfi-height which corresponds to 
an average lifetime of FHI of the order of 1/401 sec. or 
8 msec. In the proton spectra, the same variation of 
J(HF) with iodide concentration was observed, but there 
was almost no change in the proton shielding. Apparently 
the proton shieldings of HF in acetonitrile and in FHI 
are about the same. 

The fluorine shielding of FHI. given in Table 
X was determined by a BHS analysis. At the highest con- 
centration of I used (0.8M) approximately 85% of the HF 
was complexed to I. The coupling constant for FHI 
listed in Table X is an average of five values calculated 


from spectra which contained well resolved doublets. The 
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Separation of the peaks in the doublet was assumed to be 
a population-weighted average of the coupling constants in 
HF (476 Hz) and FHI. The amounts of HF and FHI. present 
in the solution were calculated from the observed fluorine 
shift A and the fluorine complex shift ye calculated from 
the BHS equation. 

The association constant in acetonitrile for the 
iodide complex derived from the BHS analysis was 2.8 + 0.5 
p+ mole at -40°. The association constant for the Cl7 
and Br. complexes could not be determined accurately since 
the BHS method does not yield good determinations of large 
association constants (75,76). The determinations were 
further complicated by the partial collapse of the doub- 
lets in the critical equimolar region. The very broad 
peaks observed in this region made it impossible to meas- 
ure their positions accurately. The best estimate for the 
association constants for the formation of FHCl and FHBr 


ata=40° were 250/)+ 100@and 100 + 50 2 mole + respectively. 


4,3 Hydrogen Fluoride in Solution 

The observed properties of hydrogen fluoride 
dissolved in aprotic solvents are given in Table XI. 
Gutmann's donor numbers (94) , which are a measure of the 


solvent base strength, have been included. 
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4.3.2 Non-Basic Solvents 


Tetramethylsilane (TMS), cyclohexane-d and 


Bip Me 
trichlorofluormethane are solvents of very low basicity. 

In these solvents, HF gave sharp, single-line, exchange 
-averaged spectra. The signal intensities in the TMS and 
cyclohexane-d, , solutions indicated that only a small 
portion of the HF condensed into the sample tube was in 
solution. The rest was presumably in the gas phase. 

These concentrations could not be measured with any precis- 
ion because of the low signal-to-noise ratio. 

The H-F coupling was not observed in these 
solvents or for HF in the gas phase (44,45) because of 
rapid exchange processes. The exchange process in the 
gas phase has been attributed to proton transfer reactions 
involving cyclic polymers (45). This process could also 
account for the exchange-averaging of the H-F coupling 
observed in the non-basic solvents since HF is probably 
self-associated to some extent in these solvents. 

A qualitative estimate of the degree of self 
sASSOCiatLOnedfethe HF in, the non=basic solvents can ibe 
obtained from a comparision of the proton shielding in 


solution and in the gas phase. The gas-to-solution shifts 
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in the proton shieldings can be attributed mainly to the 
effects of hydrogen bonding since other solvent effects 
are generally quite small (56). The differences of about 
1.8 ppm between the proton shieldings of HF in the gas and 
in the non-polar solvents are smaller than the difference 
of 5.7 ppm observed between gaseous and liquid HF (44), 
which is highly self-associated. This indicates that HF, 
dissolved in the non-polar solvents, is significantly less 
associated than in liquid HF. The same degree of self- 
association of the HF in these solvents cannot be assumed 
from the observation that the proton shieldings are almost 
identical, since solvent effects and HF concentrations are 
probably different. 

The fluorine shieldings in HF in the non-basic 
solvents exhibit large gas-to-solution shifts (defined 


fe) ). The fluorine shieldings of HF in 


as oO ‘ Sagd 
solution gas 


the gas, given in Table XI,cannot be directly compared to 
the other shieldings because the shielding in the reference, 
CFy, also exhibits a gas-to-solution shift of about -6 


ppm. However, all the fluorine shieldings can be con- 


verted to the absolute shielding scale using the values 
listed in Table II. The total gas-to-solvent shift for 


HF dissolved in CFCl., and TMS is .~25 ppm. This shift is 


3 
larger than the -20.5 ppm (44) observed for the gas-to- 
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liquid shift for pure HF. Since HF in the non-basic 
solvents is only partially self-associated, non-hydrogen 
bonding solvent effects strongly influence its fluorine 
shielding. The solvent effects observed here are com- 
parable with those observed for other maior ie compounds. 
Large gas-to-solution shifts in the range -3 to -16 ppm 
have been observed for the fluorine shieldings of 
non-polar molecules, such as SF. and SiF 


6 4’ 


non-polar solvents (95). These solvent effects have 


dissolved in 


been attributed to van der Waals interaction between the 
solute and the solvent (95,96). 
A previous study (52) reported fluorine shieldings 


imgs: Of 13:0 Candiol3istppm relative clocCh ean(imternatk) 


4 
in dilute solutions of HF in carbon tetrachloride and 
benzene, respectively, which are in good agreement with 


those reported in Table XI for the non-basic solvents. 


43.2 Basic Solvents 

tn the basic aprotic solvents in Table Xi, spin 
-coupled spectra of dissolved molecular HF were observed. 
In most cases, the H-F coupling constant could be observed 
only at) iow temperatures. 

Infrared studies of dilute solutions of HF in 
basic aprotic solvents have found that HF forms bimolec- 


ular complexes with the solvent (92). Polymers of the 
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form; °**F-H-++F-H++-B,; «where B-is:a Lewis base were only 
observed at HF concentrations much larger than those used 
here. There appears to be very little self-association 
of HF in the basic solvents studied here. The proton and 
fluorine shieldings of HF dissolved in acetonitrile were 
found to be independent of the concentration to within 
0.05 ppm in the range 0.05 to 0.22M. The coupling con- 
stant of HF in acetonitrile was also found to be indepen- 
dent of the HF concentration and of the temperature (from 
=40; tolls? )retonwithine3s thz? 

The changes observed in the coupling constant 
when HF is dissolved in the basic solvents are exception- 
ally large. The fractional changes in J(HF) are about 
five times larger than those observed in 3 (13cH) of chloro- 
formats 9:)sior aq ae) of aniline (43) in the same solvents. 
J(HF) in HF is also observed to decrease in magnitude 
which is in contrast to the increase in the magnitudes of 
the coupling constants observed for chloroform and ani- 
line. «'The coupling constant in HF tends to decrease as 
the base strength of the solvent as measured by the donor 
numbers increases. This behavior strongly suggests that 
the decrease in the H-F coupling constant can be attributed 


to the effects of hydrogen bonding. 
The fluorine shieldings of HF dissolved in the 


basic solvents are much smaller than that of HF in the 
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gas phase. These differences cannot be completely attri- 
buted to the effects of hydrogen bonding since non-hydrogen 
bonding solvent effects are also important. However, the 
Shieldings in the basic solvents are 10 to 30 ppm smaller 
than the shielding observed in HF dissolved in the non- 
polar solvents. These results show that the formation of 

a hydrogen bond to the proton in HF results in a decrease 
in the fluorine shieldings. However, the poor correlation 
between the fluorine shieldings and the base strengths of 
the solvents indicates that other effects are also impor- 


tant. 


4.4 Summary 

Figure 13 shows the relationship between the 
proton shielding and the H-F coupling constant, for HF 
complexed to a halide ion or dissolved in a polar aprotic 
solvent. The proton shielding and the H-F coupling con- 
stant of HF complexed to a halide ion decrease as the 
base strength of the halide ion increases. The coupling 
constant of HF dissolved in the basic solvents was ob- 
served to consistently decrease as the base strength of 
the solvent increases. In Figure 13, there appears to 
be an approximate trend between the coupling constant and 


the proton shielding, of HF dissolved in the aprotic sol- 
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the coupling constant in hydrogen-bonded com- 
plexes of hydrogen fluoride: A, bihalide 


ions; o, HF in solution (numbers refer ‘to 


Table XL) . 
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vents. However, Figure 13 clearly shows that there is no 
common relationship between the coupling constant and the 
proton shielding for HF hydrogen bonded to a halide ion 
and HF hydrogen bonded to a molecular base. 

The point for FHF was omitted from Figure 13 
because it was far removed from the other points and 
fell well below the line drawn through the points for 
the heterobihalide ions. 

Figure 14 shows the relationship between the 
proton and fluorine shieldings of HF. All the shieldings 
observed are smaller than their values for HF in the gas 
phase, and there is a rough trend between the proton and 
fluorine shieldings of HF dissolved in the aprotic solvents. 
The shieldings in the bifluoride ion are consistent with 
this trend but the fluorine shieldings in the heterobihalide 
ions are anomalous. In all four bihalide ions, the fluorine 


shieldings are almost identical. 
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of hydrogen fluoride: A, bihalide ions; o, 


HF in solution (numbers refer to Table XI). 
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CHAPTER 5 


DISCUSSION OF THE PROTON SHIELDINGS 


In this chapter, the decrease in the oi shield- 
ing of the hydrogen halides on the formation of a hydrogen 
bond is discussed. The close relationship between the 
charge density on the hydrogen and its shielding is used 
to show that the decrease in the shielding could be 
accounted for by a lower hydrogen charge density in the 
bihalide ions. The relationship between the change in the 
proton shielding and the change in enthalpy on the forma- 


tion of a hydrogen bond is discussed. 


5.1 Absolute Shieldings of the Hydrogen Halides 

Absolute proton shieldings may be deduced using 
the absolute shielding of methane in the gas phase, 30.55 
+ 0.17 ppm (see Section 2.3) and the shielding of TMS in 
the gas phase relative to methane (97), +0.13 ppm. 

The shieldings of the hydrogen halides, as mono- 
mers in the gas phase, have been measured relative to 
methane (78-80). Table XII presents these values together 
with the absolute shieldings. The hydrogen halide shield- 
ings observed in solution, with the exception of hydrogen 
fluoride in the polar solvents, were 1 to 2 ppm less than 


those in the gas. The difference arises from the reaction 


100. 


wi See 


-bioida x eit at sa6s108b siz ,193¢sKD atas at 
asporbyd s to moitsmro2 edz m0 eobi isd meporbyd aris bs pai . 
stig neswised ginenoisslex eeol>, att ee aT baed 
bees ef paiblotde ati bas aspotbyd edd co ysianeb epxedo 
od biluoo paibleis2 ond alt csessxseb edt 3sd3 woe oF 

sit ai ytiensb episdo aedéabvd sewol 6 yd 102 bedavooos 
sit ni epasdo edt neewted gidanociselez ofT .enot obilsdid 
-smioet sit no vqlsdtas mi spnsrio sdt Bas paibfeide aotozg 
.begevoeib ei baod aepotbyd s to moks 


asbilsH asporbyH edt io epmkbioide . 


L.é 

pniey besybeb sd yem epniblside nosorg stulosedaéA 
a2.0€ ,sasdq esp edt ai snstisem to paibletde ssufoads eft 
ni 2MT to pnaiblsidea oft bas (£.S8 motstoe? see) maq VL.0 £ 
smqq €L.0+ ,(V@) snedgzom oF svissiet easiq asp ot 

-onom es ,2eebilsd neporzbyd eds io epatblotde eT 
ot svijsis1 bexvesem need eved ,sesdg esp eds al e126 
tedtepos asuisey seent esinoassq IIx sidsT .(08-81) snsdszem 
-biside obiled aspoxtbyd eit .epaibietde stuloads exit dtiw 
aspoxbyd to noisqenxs ods dtiw ,nottuloe ni bevreado apat 
med? aeel mag S ot | sxsw ,asnevioa uasieg edt al sbixrosl2 
noljoset ofg moxrl eszixrs eone1stitb oAT .esp odd ak esods 


Table XII, Proton Shieldings in parts per million of 


the hydrogen halides in the gas phase. 
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field of the polar molecule and van der Waals interaction 
with the halogenated solvents (98,99). 

Table XIII presents the absolute shieldings of 
the bihalide ions in solution. These shieldings were 
determined from the absolute shieldings of TMS in the gas 
phase, and the relative shielding of the bihalide ions ref- 
erenced to TMS as an internal standard. This procedure will 
tend to eliminate any small solvent effects, which are typ- 
ically about -0.3 ppm for TMS (56), if the solvent effects 
on TMS and bihalide shieldings are about the same. These 
absolute shieldings of the bihalide ions in Table XIII are 
probably comparable to the gas phase, isolated-molecule 
shieldings, since the proton in the bihalide ion is near a 
center of symmetry, where it is subject to a zero reaction 
field (56), and is inaccessible to the solvent. If this is 
the case, the absolute shieldings are probably reliable to 
about 0.5 ppm, which is estimated from the uncertainty in 
the absolute shielding scale and from the variation observ- 
ed in the shieldings of the bihalide ions in different 
solvents. The relative shieldings listed in Table XIII 
are the average values measured in sym-tetrachloroethane 
except those which contain fluorine, which were measured 
in acetonitrile. 

To distinguish the complex shift, Aa referenced 
to the shielding of the hydrogen halides in solution, from 


the corresponding shift referenced to the shielding of 
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Table XIII. Proton shielding of the bihalide ions. 


eed 


Bihalide Oyny- ‘1 pom Oyny-7 Ppm Agts ppm* 
vs. TMS absolute 
FHF -16.30 14.4 -14.1 
FHC1 -10.34 20.4 -8.1 
FHBr -8.76 21.9 -6.6 
FHI -7.2 Me pede -5.0 
C1HCl~ -13.92 16.8 -14,2 
C1HBr -10.15 205 -10.5 
Cri -7.14 Pie goals) -7.5 
BrHBr | -10.15 20.5 -14.4 
BrHI -5.06 25.6 -9.3 
IHI -0.90 29.7 -14, 


ee = Oyny- 7 Spx (gas); for the heterobihalides o 


refers to the hydrogen halide containing the halogen 


HX 


with the smaller atomic number. 
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the hydrogen halide in the gas phase, the latter will be 


designated Aa’: 

The same heterobihalide, XHY , can be formed 
from HX and Y or HY and xX. However, if X is a stronger 
base than Y , the reaction of HY and x will involve a 
proton transfer reaction to form HX and Y . Consequently, 


the complex shifts for the heterobihalides are defined as 


| = = 
AG Snny= i veax 


where HX is the hydrogen halide containing the halogen 
with the smaller atomic number. 

The complex shifts Ag! are remarkable for their 
size, especially in the four homobihalide ions. In all 
four cases, the shieldings in the homobihalide ions are 
about 14 ppm less than in the parent hydrogen halides. 
These shifts are exceptionally large since the hydrogen 
bond shifts are usually of the order of -5 ppm (33). The 
large changes in the shielding observed on the formation 
of the bihalide ion, together with their simple structure 
provides an opportunity to investigate the changes in the 


electronic structure of these systems. 


5.2 Proton Shielding in the Homobihalide Ions 


The relatively small, symmetric electronic struc- 


ture of the homobihalide ions presents a challenge to 
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theoretical models. At present, there are accurate calcu- 
lations available only for the bifluoride ion (100,101). 
Whether these ab initio calculations are able to predict 
the shieldings in the bifluoride ion has not been deter- 
mined, Calculations based on a less accurate semi- 
empirical SCF wavefunction gave results for the proton 
shielding in HF and in FHF (102) which were in very poor 
agreement with the experimental values. 

In this discussion, a description of the shield- 
shiglene) alia these systems will be presented in which the 
changes in electronic structure and the shielding between 
the hydrogen halide HX, and the corresponding bihalide 
XHX , will be emphasized. 

If a linear, centrosymmetric structure is assumed, 
the significant differences between the corresponding ion 
and the molecule are the H-X internuclear distance (which 
is roughly 20% greater in the ion) and the presence of an 
extra halogen center, with its electrons. In the simplest 
MO treatment (103), the molecule will have two bonding 
electrons and the ion four. Since both species are axi- 
ally symmetric, the same hydrogen and halogen orbitals may 
be used as a basis in both. 

It is proposed that the hydrogen ls orbital 
population Pr determines the shielding in both the bihal- 


ide ion and the related molecule. Consider, as reference 
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states, the completely ionic forms X H'X. and H’x”. In 
each case, all the electrons are in spherical halide ion 
configurations. Now, the average over all orientations, 

of the shielding of an external nucleus by a spherical 
charge distribution, is zero (104). McGarvey (105) has cal- 
culated the shielding in purely ionic hydrogen halides. The 
only nonzero term, which arises from halogen electrons at a 


distance greater than the H-X distance, R, takes the form 


ee = 
—s | y nme at 
k 
R 


where ry is the vector from the nucleus to electron k. 


Using Slater-type orbitals with McGarvey's exponents the 
shieldings were evaluated in "pure ionic" hydrogen hal- 
ides and bihalides, using published bond lengths (10,11, 
106). In all cases, the integral at the bihalide dis- 


tance had less than half its value at the molecular dis- 


tance, so the bihalide shieldings, which include contribu- 
tions from both halogens, were only about 1 ppm less than 
those in the molecules. Therefore this contribution to the 
shielding of ionic Heoae molecules is about 5 ppm, while 
those in the purely covalent forms are about ten times 
greater. Thus, one expects a correspondence between the 


proton shielding and the hydrogen electron population 
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Pus which is a measure of the covalent character. 


5.2.1 Theory of Proton Shielding 

In this section a brief summary of the theory of 
hydrogen shielding in small molecules will be presented. 

Ramsey (107) derived an expression for the mag- 
netic shielding of a nucleus in a molecule which arises 
from the perturbation of surrounding electrons produced 
by an external magnetic field. This expression consists 
of the sum of two terms called the diamagnetic term Tor 
and the paramagnetic term oye The relative magnitude of 
these two terms depends on the gauge, that is, the 
choice of the origin for the magnetic vector potential. 
In this discussion, only the partitioning of the shielding 
into Tg and on which results from the choice of the pro- 
ton as the origin will be considered. The partitioning of 
the shielding which arises from other choices of gauge 
will be expressed in terms of this definition of om and 
o.,° 

The calculation of the shielding of a nucleus in 
a molecule by Ramsey's expression requires an accurate set 
of wavefunctions for the molecule. The diamagnetic term, 


averaged over all orientations, can be calculated from the 


ground-state wavefunction by the expression (107), 


ator 


9 AT 


tedosisio tneisvoo ed Io exuesom s ek dobdwy.q 


o> \Paaw 


pribfeide nojexrd to yrosdl 
to yroeds edi to ytsmme tobid 5 notsdse. aide? am 9 ‘ie 
.betnseetq sd iftw astuselom [Leme ak patbieida aepoxbyd: 
-pam ord 10% noiaesiqxe as beviteb (TOL) ysememh . .*_- 
eseits doidw sluocelom s ot ausloun 6 to paibleida olsen 
besuboiq anoitosis pribnyotite io nolistedsutuseq odd mox2 
atetenoo nolvesiqxes eid? .bisiit sistsnpsm Lentetxe as yd 
1,0 miss oitenpsmsib sdt boliso eared ows to mue eft Io 
to shutinpsam svissis1z sAT “q? wrest oftenpsmsisgq ons bas. 
sit ,ei tsdt ,spiwsp oft co ebasqeb emted ows sesit 
-Istinetog 1ososv oistenpsm sdt 10% aipixe edt 2o eptordo 
paibloida edt to paincisitisg od+ ylno ,noleavoeth aids al 
-o1g sdt to saiords sit. moxt etivasx dotdw q? bas ,o ojnt 
to pninolitisisq sit .bsisbianos od Ifiw aipixo edd as. not 
spusp to esoion> isto mot? ssatis doidw paibleide edt 
bas ,0 20 motjintieb eld? io emxest at beegsxqxe ed Iliw 
a tad 
ni eueloun «4 20 paibleide sit io aoisteiLuolso anT 4 avndzts 
Js8 s3s1u905 m& esitupsx noleesitqxs a'ysemeA yd elLuselom-s 
"ISI oiderpsmsib ed? .elyostom sit 103% enoidonutevaw 20 
eit mori botsiuolso ed aso ,acoitsiasixzo Ils revo bepsievs 
(TOL) mozeesugxs ont yd noltonutevew steda-bauore 


7. 
= 


a 


108. 


[5.1] e* 1 
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where ry is the radial distance of the electron k from the 
origin. To evaluate ws precisely, a detailed knowledge 
of the energies and wavefunctions of all excited states 
is needed. Various approximations which eliminate the 
need for accurate excited-state wavefunctions have been 
used in theoretical calculations (108,109). These calcu- 
lations of 25 are very sensitive to the approximate wave- 
functions used. This greatly limits the accuracy of theo- 
retical calculations of nuclear shieldings, since Og and 
* are usually both large in magnitude and of the oppo- 
Site sign. 

The partitioning of the absolute shielding into 
Oa and oS can also be determined from the spin-rotation 
constant measured by molecular beam magnetic or electric 
resonance spectroscopy (110). For the proton shieldings 
in the hydrogen halides, Tg and a.) have been found to be 
of opposite sign and are of the order of 100 to 200 ppm 
el Ge, 

Empirically, the shielding in the hydrogen nal- 


ides can be considered as the sum of two positive terms 
[or 2)) of St Ge ae 


where On arises from the hydrogen 1s electrons, and hes 
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arises from the halogen valence electrons and is propor- 
tional to the observed spin-rotation constant (110). This 
again implies that Oo, and os contain mutually cancelling 
cerns. 

Approximate expressions for Og and o, can be used 
to derive simple expressions for the mutually cancelling 
terms. Chan and Das (111) showed that o, could be sepa- 


rated into two terms 
(534 Go. =0 +16 ; 


which are defined in terms of a secondary gauge. The term 


Oo : depends only on ground-state wavefunctions and age 


Pp 
involves excited-state wavefunctions. The simplest choice 
of secondary gauge is at the halogen nucleus. In this 


choice of gauge, ome for the hydrogen halides can be 


approximated by (111) 


Z 
[5.4] a Ne ota ({n_= 1) ; 


3mc = 


where n is the total number of electrons in the molecule 
and R is the bond length. 

O4 can be approximately separated into contri- 
butions from electrons centered on different nuclei by 


Pos | og = Og + ome 
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The contribution from the halogen electrons, considered as 
a spherical distribution centered at a distance R from the 
hydrogen, can be expressed as 


(aear xv ee (n - 1) 


which, to the precision of the approximations, cancels 
the term 0 c 
: Pp 
Erom Equations. [5,3 7and [5.5 /8,.ethershilelding 


can be expressed as 


ous Tia ep ES 18) +o 


The shielding due to the hydrogen 1s electrons can be cal- 


culated. from (34), 


2 
[5.8] ee Sos 
3mc 


<1s| >| 1s>p., 


where Px Use the ts electron density. 9) Experlence swith 
hydrogen shieldings suggests a ls orbital exponent of 1.2, 


which on evaluating equation [5.8] yields (34), 


tory 9 Flas 21.4 P,, Ppm. 


Pople (112) has formulated an expression for the halogen 
term aetear This effect is expressed as a point magnetic 
dipole located at the halogen nucleus, and depends on the 


imbalance of the halogen valence p-orbitals. If the Po 


orbitals are considered to be filled, Pople's expression 
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becomes 


[5.10] ene ee D 


3m“c“ AE R? 

where O» is the sigma-bonding p orbital population, and AE 
usecne average excitation energy. To fit the observed Hx 
shieldings, AE takes reasonable values of about 3 to 8 eV, 
decreasing from F to I. 

Ame LeeClhiotcoepaLoLecloningoe os has been sug- 
gested by Chan and Das (111). They found a could be 
evaluated from known ground state properties and accounts 
for a majonppontion of She if the electronic centroid was 


' 
chosen as the origin. In this choice of gauge, o G" for 


Pp 
the hydrogen halides can be expressed as 
[5a 0) 5 S' . -e airs Gad 2 ; 
p 3mce* R? ne n 


where uw is the dipole moment, n the total number of elec- 
trons and R the HX bond length. The dipole moment can be 


approximated in terms of local charge densities by 
b>arL2 | 1t= eR(p, - l), 


where ee is the o-bond electron charge density at the halo- 


gen. This yields, 
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Evaluating Equation [5.2] with the same approximations 


used in the previous case, one obtains 


H ex' 
5.14 = 

[ ] Oo Sep a) bee sie 
where, as before, 

H = 

om 21.4 Pry 
and 
[>.s15] ee ase ({n = 1) o-= ) 
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The three shielding terms in Equation [5.14] may 
be interpreted as follows. The first term arises from the 
local diamagnetic shielding of the hydrogen ls electrons. 
The second and third are associated with the halogen, and 
arise from the anisotropy of the diamagnetic and para- 
Magnetic polarizability of the halogen valence shell (113). 


The Ri~ 


3 


dependence of the second term suggests 
that the R- dependence of the entire halogen term, 
assuncdeinnequation (5.10). may not beayjustitied ine 
point dipole approximation which gives rise to the ae 
dependence is certainly suspect for the short-range shield- 
ing effects involved in the hydrogen halides (114). As 


one would expect for the field on the axis near a toroidal 


current distribution, the R dependence of the halogen term 
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is somewhat more gradual than a pa dependence. 

Thess thards term (Ona) cannot be evaluated in 
this choice of gauge without knowledge of the excited 
state wavefunctions. It can be deduced, and the relative 
importance of the three terms in Equation [5.14] assessed 
as follows. The electron populations can be estimated 


from the dipole moment by Equation [5.12] and Py = 2 - pe 


i] 
is assumed. oe is taken from Chan and Das (111), who 


deduced it from the observed spin rotation constant. The 
resulting values which are shown in Table XIV indicate that 
the shielding in the hydrogen halide molecules arise from 
hydrogen and halogen electrons in roughly equal proportions, 


ex' 


and that o “ and o1 are the dominant terms. 


d 
5.2.2 Dependence of the Shielding on the Charge Distribu- 

In both representations of the shielding, Equa- 
PEoiom loc) and (5014) (Ss thestexrm oe is explicitly propor- 
tional to the hydrogen charge density Pre Since Equation 
[5.7] and [5.14] have the same expression for oa the 
halogen terms must also be equal, to the extent of the 


approximations, and therefore, 


Poo oO =n +o ; 
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Table XIV. Calculated absolute hydrogen shieldings in 


the hydrogen halides in ppm. 
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H ex! 


Molecule fe) Oo oO Total Observed 
d A p 
HF ins} 6 | 26 28.4 
HCl 18 6 8 2 Buy 0 
HBr 19 6 ihe! 38 34.8 


5 6 


. ex : 
Silncewboth fo and o are zero in the completely ionic 


A 
molecul ex! i i i 
cule, om mus tiaisot vani’sht dnwth iss case. Further- 


1 
a and oy are both 


proportional to the asphericity of the halogen valence 


more, if only o-bonding is assumed, o 


ex 
shell, so oe must also show this behavior. Consequently, 
if the o-bond in the hydrogen halide is considered to be 
formed only from the hydrogen Ussiorbital and one)of the 


halogen 2p orbitals, then See Ee 2 - and the shield- 


p PH 
ing takes the form 


Beh Ge =) 21.4 ee KOR) (2p ye 


where K, (R) is a function characteristic of the halogen x. 
This expression can be written in terms of the hydrogen 


charge density alone as 
Lao eH o (HX) = [21.4 + K, (R) ]*9,, (HX). 


It is apparent from the previous section that the R depen- 
dence of K, (R) is not simple, but it appears reasonable to 
assume that it lies between Rods and Rack 
The shielding in the homobihalide ions will 
also be proportional to the hydrogen charge density if 
these ions are considered to be centrosymmetric. Theo 


orbitals will have a symmetrized basis (103) and if the 


same halogen and hydrogen orbitals, used to describe the 
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bonding in the hydrogen halides, are used, the four elec- 


trons in o orbitals can be partitioned as 


Pee ee 


Since there are two equivalent halogen centres in a homo- 
bihalide ion, the shielding equation corresponding to 


Boduation— (5,47) ,( wilds havesthe. form 

See = “(2 - 

[ ] © (XHX ) ela a 2K, (R) (2 p,) 
Substituting Equation [5.19] into Equation [5.20] yields 
omen! GAXHXG) ee [21 74) ee Ke (Xap (XHXE) 


Since K, (R) is the same function of R in the hydrogen 
halide and the corresponding bihalide ion, the shielding 
in the ion has the same functional form as that in the 
molecule. 

In this,»discussionpethe paxrticipationgofi the 
halogen 2s orbital in the o-bonding has been neglected. 
However, the form,of Equation [5.21] awill notrbe vaffected 
if the hybridization in HX and XHX is the same since P5 


and Py will be related by a constant factor. 


5.2.3 Evaluation of the Charge Densities 


The hydrogen ls electron density in the homo- 
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bihalide ions can be estimated as follows. P,, (HX) is 
determined from the dipole moment (115) of the molecule. 
Using Equation [5.18], K.(R) at the HX bond distance is 
determined from the shielding of HX. Taking R in the 
bihalide ion as one-half of the halogen-halogen distance, 
P (XHX ) can be evaluated using Equation [5.21] if the R 
dependence of K, (R) is assumed. This was done assuming 
both Pee and Rup dependence, and the results are presented 
im wable Xvi. 

These values of the charge densities are rather 
crude estimates. However, they clearly show that a sig- 
nificant decrease of the hydrogen charge density occurs on 
formation of a hydrogen bond. This conclusion does not 
depend on the method of evaluating the molecular charge 
separation; that based on the dipole moment was used as 
a convenient and representative example. Due to the simple 
R dependence of the halogen terms, the shielding midway 
between the halogens will have do, /dr = 0, where r is the 
displacement along the internuclear axis. Consequently, 
the shielding model is not critically dependent on the 
symmetry of the ion; the proton could be displaced from 
the center of symmetry without large change in the shield- 
ros 
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energy, AE, which explicitly appears in the term cee in 


Equation [5.10], does not affect the arguments used to 
predict a lower hydrogen charge density in the bihalide 
ions. The halogen term arises from the mixing of the 
ground and excited states by the magnetic field and is 
proportional to the reciprocal of the energy separations 
between these states (112). The average excitation energy, 
AE, is an approximation which represents these energy dif- 
ferences. Theoretical calculations (116) have predicted 
that the orbital energies, of the occupied orbitals ina 
proton donor molecule, increase in energy on the formation 
of a hydrogen bond. This suggests that AE would be smal- 
ler in the bihalide ion than in the corresponding hydro- 
gen halide. This change in AE would increase Oy and an 
even lower hydrogen charge daensity would be required to 
account for the decrease in the snielding. 

A recent theoretical study (100) has shown that 
the hydrogen charge density in FHF is lower than that in 
HF. Furthermore, other theoretical studies (116) have 
indicated that the decrease in the hydrogen charge density 
in the proton donor molecule is probably a general feature 


of hydrogen bonding. 
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5.3 Proton Shielding in the Heterobihalide Ions 

The contributions to the proton shielding in the 
heterobihalide ions are analogous to those in the homobi- 
halide ions except that the contributions from the two 
halogens will no longer be equivalent. In the heterobi- 
halide ion X-H---Y 


, the proton shielding can be divided 


into three positive contributions, and o each 


Bx ane sal 
arising from the electrons associated with the correspond- 
ing nucleus. The changes in these terms on the formation 
of a heterobihalide can be qualitatively predicted on the 
basis of the shielding model for the hydrogen halides 
discussed in the previous section. 

A simple electrostatic model does account for 
the trends observed in the complex shifts, ae summarized 
in Table XIII./As the anion Y approaches the positive end 
of the nydrogen halide molecule HX, the electrons in the 
bond will be polarized towards the halogen X. This polar- 
ization will produce a decrease in the proton shielding 
since o,, will decrease as a result of the sinaller hydrogen 


H 
charge density and Oy will decrease as a result of the 
larger halogen charge density. Consequently, the magni- 
tude of i of a given hydrogen halide would increase with 


the stronger electric field of the smaller anion, and the 


more polarizable hydrogen halides would show larger changes 
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when complexed to a given halide ion. All the complex 
shifts in Table XIII are consistent with these trends. 
However, this simple electrostatic model, which assumes 
that the electron distribution on the anion Y is not 
changed, is certainly invalid for the homobihalide ions 

and is presumably also invalid for the heterobihalide ions. 
On the formation of a centrosymmetric homobihalide ion from 
HX and X , the electron redistribution is expected to 
result in a lower charge density of the hydrogen and an 
equal sharing of the negative charge on the halogens. 

These changes should also occur, to a lesser extent, in the 
heterobihalide ions. Consequently, in the heterobihalide 
ion X-H---Y , Oo, will be reduced due to the larger charge 
density on X and the larger X-H distance. The loss of the 
spherical electron distribution of Y will result ina 
positive shielding contribution oon Tha SeCOn ido Glo 
would be expected to increase as the hydrogen bond in 
X-H-**Y became stronger and reach its maximum value in 


the homobihalide ion YHY . 


5.4-Electrostatic Model 
The importance of the shielding term am Lon 


the bihalide ion X-H---Y , can be considered by estimating 
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' 
the shifts Aa which would arise from an electrostatic 
model of the hydrogen bond. In this model, the hydrogen 


bond is considered to result from an electrostatic inter- 


action between the electric field of the anion, considered 
as a point charge, with the dipole and induced dipole of 
the hydrogen halide. Consequently the change in the proton 
shielding must be considered only in terms of the electron 
redistribution in the molecule. The shift An of the 
shielding of a proton in an electric field has been des- 


CLloOcurLly st96, 99, blige ts) 
Poa 2a A., = -AE_ - BE 


where E, is the component of the electric field along the 
bond. The parameter A is a characteristic of the X-H bond, 
and B is usually assumed to have the hydrogen-atom value 


18 


Ofe0T7 305 xO” esu (119). This model has been used to 


explain the downfield shifts of the proton observed in 


weak hydrogen bonds (40,49,118,120,121). The values of 
A and B for HCl have been found to be 40 x ioe esu and 
18 


Ono ome lO. esu respectively from studies of intermolec- 
ular shielding effects in gases (78); corresponding values 
for HBr have been found to be 65 x Lone esu and 1.60 x 

Hor +8 esu’ for A’ and’ B* respectively® (12d) 4"? Boua tCaone"{ 5422 | 


cannot be accurately applied to the heterobihalide ions 
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Since the internuclear distances are not known. However, 
An calculated from Equation [5.22] greatly exceeds Ae for 
any reasonable interaction distance (assuming a linear 
structure). For example, to produce an electric field, ev- 
aluated at the midpoint of the HCl bond, necessary to acc- 
ount for the observed shift in Cl-H-:-I , the iodide ion 
would have to be placed at a distance of 5 A. Since the 
ionic radius of the iodide ion is 2.16 A, this is an unrea- 
sonably long distance. Moving the ion to a more reasonable 
position closer to the proton would result in a deshielding 
which is much larger than that observed. This clearly in- 
dicates the need for the additional positive contribution 
o_. The covalent bonding in the hydrogen bond would create 
an anisotropy in the electron distribution of 
the anion which would result in a positive shielding cont- 
renliehbhenkoy aly, 

The electrostatic model gives a surprisingly 
good account of the energies of formation of the bihalide 
ions, provided that the polarization terms are included 
(120). Table XVI presents the calculated ion-molecule 


electrostatic energies. U is the energy of the molec- 


dip 


ular dipole, and U the energy of the induced dipole, 


pol 
aE, in the ionic field (120). Both dipoles are taken at 
the center of the HX bond. The unknown heterobihalide 


° 
halogen-halogen distances were taken as 0.5 A less than 


a ¢ a Ky > 
Wl Si 355, ApS 
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Table XVI. Computed Ion-Molecule Electrostatic Potential 


Energies (Kcal mole t)4 
b 245 
Ion 16 Gilead by a4, x % Oro Urol Total 
cm 

FHF deny 4 0.96 -37 -15 =52 
FHCL” 25 =i Seo) 
FHBr > =O 5 -27 
FHI =e =A = O95) 
Crier: i ee Oi ouel's ey? £138 =25 
C1HBr 211 = =e) 
Glale -9 =§ 2 ie] 
BrHBr > 0.79 Ae -8 ale S09) 
BrHI -6 -10 -16 
IHI 0.38 6.58 -3 =13 -16 


The available experimental values are summarized in 
ab Leis 

Reference 115. 

c. lLandolt-Bornstein, “Zahlenwerten und Funktionen" 
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the sum of the ionic radii of the halogens, which corres- 
ponds to the behavior observed in the homobihalide ions. 
This simple computation reproduces the observed 
trends in the energies of formation for the homobihalide 
ions and for the series involving a common proton donor 
(see Table I). However, the prdicted trends in the ener- 
gies of formation of the hydrogen bihalides in the series 
involving a common halide ion are incorrect. The energies 
of formation of various proton donors complexed to Cl in 
the gas phase has been found to increase in magnitude with 
the gas-phase acidity of the proton donor (32). Therefore 
the AH for complexes such as X-H--:-I should decrease in 


magnitude in the order 
THe co BrHlee> ClHIwe > rHie 


The calculated values in Table XV do not reproduce this 
trend. This may be the result of the rather drastic assump- 
tions made regarding the interaction distances, since the 
relative sizes of the calculated AH's in this series are very 


sensitive to the distance used. 


5.5 Dependence of Proton Shielding on Hydrogen Bond Strength 
The dependence of the complex shift on the strength 
of the hydrogen bond, defined as -AH for the formation of 


the bond in the gas phase, cannot be directly determined 
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Since reliable AH's are not available for all of the bihal- 
ide ions. However, some indirect measures of AH can be 
used. 

Kebarle and coworkers (123) found a linear cor- 
relation between the enthalpies for the formation of 1:1 
hydrogen-bonded complexes between H,0O and a number of 
anions in the gas phase, and the proton affinities of the 
anions. The proton affinity of an anion B is defined as 
the enthalpy change for the gas-phase reaction 

B-H ———> B +H’, 
and can be calculated from 
PA(B ) = D(B - H) + T, (H) - EA(B), 
where PA, D, Tr and EA are the proton affinity, bond 
dissociation energy, ionization potential, and electron 
affinity, respectively. 

The dependence of the complex shift Anais ieee 7 
given proton donor, on PA(B ) of the halide ions is shown 
in Figure 15. The data for the chloroform (120) and 
methanol (124) halide ion complexes have been included 
as examples of much weaker acids. 

For a given proton donor, the decrease in the 


Se shielding on hydrogen bonding is related to the proton 


affinity as a measure of the proton acceptor basicity. This 
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Figure 15. 


320 340 360 


Proton affinities, kcal mole! 


Dependence of the complex shifts on the proton 
affinities of the halide ions. Data for 
chloroform and methanol were taken from 
references 120 and 124, respectively. Complex 
shifts are referenced to the shielding of the 
proton donor in the gas phase except for 


chloroform. 
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is especially evident for the HF complexes where a wide 
range of base strengths is available. Since the proton 


affinities of the anions have been demonstrated to be 


proportional to the strength of the hydrogen bond formed 
with a given proton donor (123), the nmr shifts for a given 
proton donor must also be proportional to the strength of 
the hydrogen bond. This trend is also predicted by the 
energies calculated in Table XVI from an electrostatic model. 
Several linear enthalpy-complex shift correlations have 
also been found for the interactions of a proton donor 
with various molecular Lewis Haves in inert solvents (35, 
125-127). 

Unfortunately the relationships shown in Figure 
15 are expected to hold only for the halide ions. Consider 
for example, the hydrogen bonded complexes of HF of the 
form F-H-+-Y, where Y is any proton acceptor. The contri- 


bution o produced by the electron distribution of Y, to 


y! 
the local magnetic field at the proton need not be related 
to the strength of the hydrogen bond. Oy is produced by 
the anisotropic susceptibility of the electron distribution 
at the’ bonding site of Y in the complex (34). For the 
halide ions, this anisotropy is created by the formation 


of the hydrogen bond and could be expected to be propor- 


tional to the strength of the interaction. The aniso- 
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tropy, created or already present, in proton acceptors 
with different structures would not be expected to have a 
simple dependence on the strength of the hydrogen bond. 

This can be shown by a comparision of the complex 
shift between the HF complexes with the halide ions and 
those with the molecular bases. These shifts can be com- 
pared by using the change in the infrared stretch frequency, 
AY, of the HF bond (92,128) as an approximate measure of 
the hydrogen bond strength (35). Figure 16 shows that A 
for the bihalide ions are generally much smaller in magni- 
tude than the Aa! observed in the HF complexes with the 
molecular bases with comparable A's. This suggests that 
the deshielding observed in a bihalide ion, FH-Y, is smaller 
than that in a FH-molecular base complex with the same 
interaction energy. Therefore the shielding arising from 
the anisotropy of the halogen Y in X-H---Y is positive 
and important in the bihalide ions. 

In summary, the behavior of the proton shielding 
of hydrogen fluoride complexed to various proton acceptors 
clearly indicates that the change in the proton shielding 
of a reference proton acceptor is not a reliable measure of 
base strengths, except for bases which are very similar in 
structure. For example, FHI is formed in acetonitrile, 
indicating that I is a stronger base than acetonitrile, al- 
though the proton shielding in FHI is about the same as in 


the FH-acetonitrile complex. 
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Figure 16. Correlation between the changes in the afi 


shielding and the ir stretch frequency of 
hydrogen fluoride: o, Bbihalide ions; A, HF 


in solution (numbers refer to Table XI). 
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There have been very few studies of the depen- 
dence of An on AH, for proton donors complexed to a refer- 
ence base. Recently, a linear correlation between Aa and 
AH was found for a small number of proton donors complexed 
to l-azabicyclo[2.2.2]octane (121). The enthalpy changes 
for the formation of the hydrogen-bonded complexes were 
measured in hexane and corrected for the solvation ener- 
gies of the proton donors. The particular nitrogen base 
was chosen to minimize the neighbour anisotropy effect, 
and five -CH, -NH, and -OH proton donors were used. 

There are a few gas-phase enthalpy measurements 
available for ion-molecule reactions (32). Measurements 
of the enthalpy of formations between various proton don- 
ors and a reference anion found the following order for 


-AH (32): 


HB ie C le 27 CHCl, > HF & CH0H. 


This trend for AH can be compared with the trends observed 
in the proton shieldings of several proton donors com- 
plexed to a reference base. In addition to Age the slopes 
of the lines in Figure 15 can also provide a measure of 
the effect of hydrogen bonding on the proton shielding of 
various proton donors. The slopes, defined as do/d(PA), 


represents the rate of change in shielding with base 
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strength. Both Le and do/d(PA) predict the same trend for 
for the proton donors but do/d(PA) has the advantage that 
the gas-phase shieldings of the proton donors are not need- 
ed. The complex shifts Aa (referenced to the proton shield- 
ing of the proton donor in solution) measured in different 
solvents are difficult to compare since the shielding of 
the proton donor can be strongly affected by the solvent, 
especially in polar solvents. On the other hand, the 
shielding of the hydrogen-bonded complex is rather insensit- 
ive to the solvent since the hydrogen is not exposed to 
to the solvent. Consequently, the variation in the 
shieldings of various complexes,involving a common proton 
donor,with the base strength (such as do/d(PA) ) should not 
be strongly affected by the solvent. 

Figure 15 shows that the magnitudes of the 


changes in the proton shieldings are in the following order: 


HB ieee ear ee CH,0H > CHCl. 


The changes in shielding for the hydrogen halides follows 
the same order as the changes in enthalpy, but the rela- 
30H, and CHC1. is different in these 
two series. This discrepancy in the order of these three 


PuvyerOcadeLIOLeHE »ch 


proton donors is not too surprising since the range of 


AH's for these proton donors complexed to Ciwonlyevary, 
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from -14.1 to -15.2 kcal mole! (32). Consequently, other 
factors could control the relative order of Aue The order 
observed for A, in these five proton donors is consistent 
with the orden of the X-H bond,polarizabilities? (122). 4A 


correlation has also been observed (122) between the bond 


polarizabilities, and the A constant in Equation [5.22] 
which is a measure of the electric field effects on the 
proton shielding. This indicates that the bond polariz- 
ability may dominate the relative order of ie for com- 
plexes in which the AH's for the formation of the hydro- 
gen bond are similar. If this is the case, W would be 
unreliable in predicting the order of AH for acids 


complexed to a reference base. 
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CHAPTER 6 


DISCUSSION OF THE FLUORINE SHIELDINGS 


19, shield- 


In this chapter the decrease in the 
ing of hydrogen fluoride on the formation of a hydrogen 
bond is discussed. A reasonable qualitative explanation 
for this behavior could not be found within the scope of 


presently accepted models which account for the shieldings 


in simple fluorides. 


6.1 Effect of Hydrogen Bonding 


The ar shieldings, observed for HF dissolved 


in various aprotic solvents, all show a marked decrease 
with respect to the shielding of HF in the gas phase. the 
large differences between the way shielding of HF in the 
gas phase and in non-basic solvents indicate that solvent 
effects in addition to hydrogen bonding are appreciable. 
The gas-to-solution shifts of ca. -25 ppm should be con- 
sidered as maximum values for these solvent effects since 
Part Of this'shiftemay tesultetromimthe) effects ofitnhne 
self-association of HF in solution. The F shieldings of 
HF dissolved in the basic solvents are 10 to 27 ppm less 


than those observed in non-polar solvents. If the non- 


hydrogen bonding effects are assumed to be about the same 
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in all these solvents, the additional deshielding in the 


basic solvents can be attributed to the effects of hydrogen 


bonding to the solvent. The ae shieldings tend to decrease 


with increasing base strength of the solvent defined by 
the Donor Number scale (94). These limited data indicate 
that the Ls shielding generally tend to decrease with 
increasing strength of the hydrogen bond formed between HF 
and the solvent. 


19 


Even larger changes in the F shielding are 


observed on the formation of the bihalide ions. A surpris- 


19 


ing feature is the virtually identical F shielding in 


all four fluorine-containing bihalide ions. This behavior 


ut 


is in contrast to the large differences in the ~H shield- 


ings and the H-F coupling constants observed in these ions. 
The decrease in both ly and L3i shieldings in 
HF on the formation of a hydrogen bond is difficult to 
understand. In the previous chapter, the decrease in the 
ty shielding was interpreted in terms of a charge redis- 
tribution which results in a decrease in the charge den- 
sity at the hydrogen and an increase in that of the fluor- 
ine. From the behavior of 195 shieldings in binary fluor- 
ides, the shielding in HF would be expected to increase 


with a larger fluorine charge density (96). However, the 


available data do indicate that the decrease in the shield- 
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ing of the atom bonded to the electrophilic hydrogen in 
the proton donor molecule is a general feature of hydrogen 
bonding. There is a very limited number of examples in 
which the effect of hydrogen bonding on these shieldings 


has been definitely established. The wie shielding in 


chloroform (38) and the 155 shieldings in pyrroles and 
indole (39) have been shown to decrease on the formation 
of a hydrogen bond. A decrease in the mle shielding of 
methanol dissolved in dichloromethane was observed on the 
addition of tetrabutylammonium halide. In most of the 
other examples mentioned in Chapter 1, the effect of form- 
ing a hydrogen bond to the electrophilic hydrogen is dif- 
ficult to separate from other solvent effects. 

The changes in the shielding of the heavy atom 
at the hydrogen bonding site are very poorly understood 
because of the limited amount of experimental data and 
the lack of theoretical studies of the shieldings in 
hydrogen-bonded complexes. In the following section, a 
theory of fluorine shieldings is presented which will be 
used to qualitatively discuss some of the possible explan- 

IB 


ations for the behavior of 9p shieldings in hydrogen- 


bonded complexes of HF. 
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6.2 Theory of Fluorine Shielding 

In the previous chapter, the proton shieldings 
were discussed in terms of atomic contributions. A simi- 
lar model has been found to be useful in the interpreta- 
tion of the large variation of the shieldings observed 
for °F and other heavy nuclei (129-132). ‘The shielding 


of a nucleus with electrons in p orbitals can be approxi- 


mately separated into two contributions, 


L614 Cn ee + oan 


(1) 


The local diamagnetic contribution o and the local 


(2) 


paramagnetic contribution o arise from the electrons 
associated with the fluorine nucleus. The shielding con- 
tributions arising from electrons in other parts of the 
molecule are small compared to the local contributions 
el). 

Ramsey's expressions (107) for diamagnetic and 
paramagnetic shielding contributions contain terms which 


(1) (2)8 sh EQuatlone oO. 1]. 


can be identified with o and o 
If the nucleus N is chosen to be the origin of the mag- 
netic vector potential, then the total paramagnetic term 
o. for nucleus N can be related to the experimentally 


observed spin-rotation tensor by 
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2 Z 
[6.2] ees 5 . N! age) 
P 3mc° NAN! Ryn ree 
where 
2 
Geen oe —"— el ace 


Zu is the atomic number of nucleus N' at a distance Runt 
from nucleus N, M is the mass of the proton, Sy is the g 
value of nucleus N, and By is the nuclear magneton. The 
CuGa are the three principal components of the spin- 
rotation tensor and Lae are the three moments of inertia. 

Flygare and Goodisman (133) proposed a simple 
but accurate method of estimating Tg which does not 


require a knowledge of the molecular wavefunction: 


Z Z 


' 
[6.4] Waa Oa (free atom) + sa 5 % _ . 
3mc” NAN' “NN! 


Og (free atom) is the diamagnetic shielding of the iso- 
lated atom N. 

The following expression for heavy atom shield- 
ings can be obtained by substituting Equations [6.2] and 


fattkeinto Equation “[ 602): 
plan Ca FO (free atom) + Jer 


This equation gives a good account of the fluorine shield- 


ings in small molecules. A tabulation of the known values 
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of oie for fluorine compounds has recently been published 


(134). In practically every case, (o - Teo) was within a 


few ppm of the value of 471 ppm, calculated for Tq (free 
atom) (135-137). For example, o- for gaseous HF has been 
measured to be -57 ppm (62). Therefore Equation [6.5] 


predicts the Din shielding of HF to be 471 - 57 = 414 ppn, 


which agrees well with the established value of 410 ppm 
(72). This is typical of the agreement found for simple 


fluorine compounds in the gas phase. 


(1) 


The local diamagnetic contribution o > in 


Equation [6.1], represents the expectation value of yt 


for the electrons associated with the nucleus. The calcu- 
lated values of g 4) for F atom and F ion, which repre- 


sents the extreme case, differ by only 10 ppm (133, 137, 


(1) 


138). Therefore it is reasonable to identify o with 


Og (free atom) for fluorine shieldings in all compounds. 


It follows then, as suggested by Chan and Dubin (139), 


(2) 


that o can be equated to o,,- Thus the variation in 


(2) 


fluorine shieldings must be attributed to changes in o 


(2) 


Empirically, o is usually negative. It is closely 
Yrellateditolthe.ionic character of the bond to fluorine (96). 
It is zero in the isolated fluoride ion (112) and -690 ppm 
in Fo (134). 


Karplus and Das (130) derived an expression for 
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(2) 


oO for fluorine which can be written as, 
2) 

6.6 Sa 
[ ] fo) Sig lke ae Bae Pe) 

BPP ry ri Poy? zz xe 220 
where 

22 

- 2e°nA -3 
aes tl Sete sap hy aig 

3m C7 AE ae 
Boge Py! and Piz are the populations of the 2p orbitals, 
Tae is the expectation value of r-> for the 2p elec- 


trons, and AE is the average excitation energy. This 


equation can be simplified to (130) 
[6.8] aj ase binant nears Parra mney ys 
e fe} xX 4 


where I is the ionic character of the bond, s the degree 
of sp hybridization, and Ox and ey are related to the 
double bond character (e.g. 045 2 - oe 
The most useful applications of Equation [6.8] 
are in calculating differences in fluorine shieldings for 
closely related molecules where o, can be assumed to be 


constant (130). 


6.3 Application to Hydrogen Bonding of HF 


The description of a shielding in terms of 
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local contributions can be used to qualitatively discuss 


the effect of hydrogen bonding on the 12 
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F shielding of HF. 
The decrease in the F shielding of HF can be assigned 
to changes in the local paramagnetic term since the local 
diamagnetic term can reasonably be expected to be nearly 
constant. 

(2) 


The expression for o , iin teguationihienisiipecan 


be further simplified to 
[6.9] oo) =o,(1-I1- s) 


if mt bonding is neglected. Chan and Dubin have estimated 

a value of o, = -400 ppm for unperturbed HF by assuming 

Ss = 0 and an ionic character I of 0.86 obtained from an 
electronegativity versus ionic character relationship (140). 
Thus Equation [6.9] predicts that oa a2ee for HF perturbed 

by a hydrogen bond, will be sensitive to changes in I or 

s, Since the term (1 - I - s) is small. However, as sum- 
Marized in the following paragraphs, changes expected in 

(l - I - s) or in o, were either in the wrong direction 


(2) 


or too small to account for the variation in o need to 


interpret the observed rs shieldings. 
An electrostatic model, based on the polariza- 


tion of the H-X bond by the proton acceptor, would predict 


an increase in the ionic character, I, of the bond, in the 
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Sencclueerera On Recentathecorecicnla calculations (116)) of 
the electronic structure of small hydrogen-bonded complexes 
have also consistently predicted an increase in the elec- 
tron density of X. An increase in the ionic character 
would reduce the magnitude of oe) which would tend to 
increase the fluorine shielding. 


To explain the decrease in the a 


N shieldings of 
pyrroles, amides, and indole on the formation of hydrogen 
bonds to the N-H protons, a mechanism involving an elec- 
tron redistribution from the nitrogen atom towards other 
parts of the molecule was suggested (39,40). This type of 
electron redistribution would not be possible in hydrogen 
fluoride. Consequently, other effects, which will domin- 
ate the additional shielding contribution resulting from 
the increase in the fluorine charge density, are required 


oar shielding. 


to explain the observed decrease in the 
The change in the.sp hybridization term, s, on 

thesformationtofea hydrogen.bond sis veryodiffticult yo esti= 

mate, However, since the degree of sp hybridization of 

the fluorine valence orbitals is probably small (130,137), 

a decrease in s cannot be expected to account for the 

observed increase in the magnitude of ee 

in.Equation [6.7],,has.been 


p 
suggested to account for the decrease of the cde shielding 


; : -3 
An increase in <r > 9 
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of chloroform on the formation of a hydrogen bond (38). 
The repulsion of the C-H electrons towards the carbon nuc- 
leus was expected to shorten the average distance of 2p 
orbitals and thus i steras 

s an nus increase <r O.. However, in unperturbed 

-3 é 

molecules, <r * 30 1s expected to decrease with an increase 
in the electron density of the Zp Orbital (135i), eAs elec- 
trons are added to an atom, the effective nuclear charge 
is decreased, the orbital expands, and ae becomes smaller 
Causing a increase in the shielding. The dependence of 
-3 
r 


< > on the bond length has also been considered (132). 


2p 

aig 2p was shown to decrease as the bond length increased. 
If this is the case, hydrogen bonding to HF would result 
in a decrease in EO ciorky due to the larger charge density 
on the fluorine and the larger bond length, which would 
tend to increase the shielding. 

The average excitation energy, AE in Equation 
[6.7], was introduced to approximate the individual energy 
differences between the ground and excited states, in order 
to reduce the summation over excited states to a single 
term depending only on the ground-state wavefunction (130). 
In this process the exact physical interpretation of AE 
is lost and AE must be considered as a semi-empirical para- 


meter. The value of AE is usually assumed to be not less 


than the lowest electronic transition from the ground to 
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the excited state (96). Theoretical studies on hydrogen 
bonding have shown that the molecular orbital energies of 
the proton donors increase in energy, and that there is a 
good correlation between the average change in the molecu- 
lar orbital energies and the total energy change (141) 
involved in the formation of a hydrogen bond. Increases 
of up to 10% were calculated for the orbital energies in 
the proton donor molecule for a complex such as FH: + -NH, 
(141). Therefore the effective AE in the expression for 
o {4) should be smaller in the hydrogen-bonded complex than 
in the unassociated proton donor molecule. The decrease 
in AE is in the right direction needed to produce a de- 
crease in the shielding but does not appear to be large 
enough to account for the observed trend. 

The interpretation of the effect of hydrogen 
bonding on the pels shielding contributions is thus unsat- 
isfactory. This model, which has been successfully ap- 
plied to unperturbed molecules, would predict an increase 


iy shielding on the basis of the increased ionic 


in the 
Character of H-F bond expected on the formation of a hydro- 
gen bond. Although the decrease in the energy separations 
between the occupied and unoccupied molecular orbitals are 


important, there is no indication that this effect will 


dominate, and control the observed trends in the shield- 
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ings. 


A more elaborate model appears to be needed to 


explain the behavior observed in the se 


(2) 


F shieldings. The 
expression for o given by Equation [6.7] does not 

appear to adequately describe the local paramagnetic shield- 
ing in hydrogen-bonded complexes. The ionic character or 
even accurate gross atomic orbital populations may not 
accurately reflect the electron distribution which gives 
rise to the paramagnetic term. Calculations based on accu- 
rate molecular wavefunctions for the hydrogen-bonded com- 


plexes are probably needed to interpret the shielding of 


the nuclei in heavy atoms. 
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CHAPTER 7 


DISCUSSION OF THE COUPLING CONSTANT 


In this chapter the effect of hydrogen bonding 
on the H-F coupling constant of hydrogen fluoride is dis- 
cussed. The increased ionic character of the H-F bond in 
the hydrogen-bonded complex is suggested as a possible 
explanation for the trend observed in the H-F coupling 


constants. 


7.1 Effect of Hydrogen Bonding 

The H-F coupling constant in gaseous hydrogen 
fluoride, deduced from molecular beam electric resonance 
measurements, is +530 + 23 Hz (62). In liquid hydrogen 
fluoride at low temperatures, a coupling constant of 521 
Hz was observed in the nmr spectra (61). The H-F coupling 
constant decreases when hydrogen fluoride is dissolved in 
a basic aprotic solvent or complexed to a halide ion. The 
effect of hydrogen bonding on the coupling constant in 
hydrogen fluoride is exceptionally large compared to the 
fractional changes previously reported for other one 
-bond coupling constants. The fractional change in J (HF) 
is about a factor of five larger than that observed for 


ee ae (505507 60) mot oer (43) proton donor dissolved in 
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the same basic solvents. A more interesting difference is 
the direction of the change in the coupling constants. An 
increase in the magnitude of fotascn} SLGC=hiprocenPdonors 
has been consistently observed on the formation of a hydro- 
gen bond (56-58). The increase observed in the magnitude 
of LoCeeNE) in aniline has also been attributed to the 
formation of a hydrogen bond to N-H (43). 

In order to compare the direction of the change 
in the coupling constant in the absolute sense, it is use- 


ful to use the reduced coupling constant defined as (143) 


rd] K(AB) = ——— J(AB), 


where YaYp is the product of the magnetogyric ratios of 
the coupled nuclei. The reduced coupling constant depends 
only on the electronic environment which couples the 
nuclei and does not depend on nuclear magnetic properties. 
The reduced coupling constants between oe dir 


ectly bonded to me. oe and ee 


F are all positive (62, 
142). Therefore the decrease of K(HF) in hydrogen fluor- 
ide on hydrogen bonding is also in the opposite direction 
to the changes in Se CH and S KiieN re in the absolute 


sense. 
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7.2 Theory of Nuclear Spin-Spin Coupling 

The theory of the electron coupled interactions 
between nuclear spins in a molecule was originally pro- 
posed by Ramsey (144). The interaction energy between two 
nuclei, which gives rise to the observed coupling in the 


high resolution nmr spectra of fluorine, takes the form 


E = K (AB) Uy°* 


AB aye 


Thus, the reduced coupling constant K(AB) is defined as 
the proportionality constant between the interaction 


energy, E of the two nuclear spins, and the product of 


AB’ 
their magnetic moments. 

In Ramsey's theory, the interactions arises from 
three distinct mechanisms: 

(1) a nuclear magnetic moment induces orbital elec- 
tronic currents which in turn produce magnetic 
fields at the site of the second nucleus 

(2) the dipole interaction between the magnetic 
moment of a nucleus and the electron spins pro- 
duces a magnetic field which acts on the other 
nucleus 

(3) a Fermi contact interaction between nuclear 


moments and electron spins in s orbitals, which 


leads to electron spin polarization. 
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Ramsey developed general formula for these three contribu- 
tions to the coupling constant using quantum-mechanical 
perturbation theory. Of these three interactions, the 
Fermi contact term is usually considered to be predominant 
(especially if protons are involved) and most attempts at 
calculating coupling constants are based on this term 
alone (145,146). 

Pople and Santry (143) have expressed the coup- 
ling constant due to the Fermi contact term in molecular 
orbital form. “If only the valence s orbitals are consid- 


ered, the reduced coupling constant can be written in the 


form, 
22 
_ 647 8 Z 2 
C721 K(AB) = Lp S, (0) S, (0) Tape 
where 
occ unocc aT 
SEN SUE : ; ee ees eee 


s< (0) represents the electron density of the valence s 
orbital at nucleus N and 8 is the Bohr magneton. (Ee. - 
e5) is the energy difference between the ith occupied and 
jth unoccupied molecular orbitals, and Cin and Can are the 
coefficients of the valence s atomic orbital of atom N in 
these molecular orbitals. 


Calculations of the coupling constant in HF us- 
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ing Equation [7.2] (or a form involving fewer approxima- 
tions) have not been successful. Problems arise due to 
the sensitivity to cancellation of large terms of opposite 


sign in the summation involved in the term Tt Several 


AB* 
calculations of J(HF) have been carried out using wave- 
functions which involve only one unoccupied molecular orbi- 
tal (143,147). In all cases, a negative value of J(HF) 

was calculated and the magnitude of J(HF) was found to be 
very sensitive to the wavefunction used. 

Kato and Saika (147) also applied this perturba- 
tion approach with a basis set involving several unoccu- 
pied molecular orbitals. Although they calculated a posi- 
tive value of J(HF) in good agreement with the experimen- 
tal value, there was no indication of convergence in the 
summation over excited states. A more rigorous calcula- 
tion using the same basis set (148) and other larger 
basis sets (149) have found the same behavior. This 
defect has been attributed to the poor description of the 
unoccupied molecular orbitals rather than to deficiencies 
in the calculation of the coupling constant from the wave- 
functions (149). 

At present, a detailed understanding of the con- 
tributions to the coupling constant in hydrogen fluoride 


based on Equation [7.2] is not available. However, the 
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theoretical calculations have shown that the Fermi contact 
interaction dominates the coupling constant in HF (147) and 
that this interaction arises predominantly from the molec- 
ular orbitals involving the fluorine PEN a ih aly ws wh «atl pe 
149). 

Calculations of the coupling constant in HF have 
also been carried out using other approaches than that of 
Equation [7.2]. Pople et al (150,151) have introduced’ a4 
finite perturbation method for calculating the term Tap aa 
Equation [7.2]. The application of this method to HF was 
unsuccessful. A coupling constant of +19.7 Hz was obtained 
by a CNDO calculation, and a value of -150 Hz by the more 
rigorous INDO method (151). Positive coupling constants 
in good agreement with the experimental value have been 
calculated by the variational procedure (152) and the 


perturbed Hartree-Fock method (153). However, these 


methods have not been extensively tested. 


In the next section, the variation in J(HF) will 
be discussed using Equation [7.2] since it provides the 
simplest conceptual basis for interpreting coupling con- 


stant mechanisms. 
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7.3 Interpretation of Hydrogen Bonding Effects on the 
Coupling Constant 


The conceptual basis for interpreting the mech- 
anisms which lead to the change in the coupling constant 
on hydrogen bonding is not very well developed. There 
have been very few theoretical calculations on this effect 
(58). Consequently even qualitative interpretations are 
difficult to justify since the dependence of the coupling 
constant on the various features of the electronic envir- 
onment is not very well understood. 

The observed increase in the teceH coupling con- 
stant on hydrogen bonding has been attributed to the ef- 
fect of the electric field produced by the electrons at 
the bonding site in the proton acceptor (59,60). Signifi- 
cant changes in the C-H bond length were ruled out in the 


case of CHCl on the basis of the small changes in the 


3° 
infrared C-H stretch frequency on hydrogen bonding (59). 
This electric field dependence of 15 (43¢-n) has also been 
observed in situations where the electric field arises 


130_y) 


from longer range electrostatic interactions. mae 
has been found to increase in the presence of an electric 
field arising from a cation complexed to another part of 
the molecule (154,155), or from the reaction field of a 


polar solvent (156,157), when the field is oriented in 


such a way as to polarize the electrons in the C-H bond 
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towards the carbon. Theoretical calculations have pre- 
dicted a linear dependence of moe be dab ee in the presence of 
a uniform electric field in the range expected from a reac- 
tion field mechanism (158), 

The mechanism by which these interactions effect 
a change in Nees) is not very well understood. It has 
been argued that the polarization of electrons towards the 
carbon by the electric field would increase the carbon 2s 
orbital contribution to the C-H bond, and result in an 
increase in the coupling constant (59,60,156,157). How- 
ever, there is no theoretical justification to indicate 
that such a mechanism can account for the electric field 
effects on coupling constants (58). 

The difference in the effect of hydrogen bonding 
on the coupling constant of HF compared with other proton 
donors is surpriSing. There have been indications that 
the direction of the change in the magnitude of the coup- 
ling constants for the same type of interaction may be a 
method for determining the relative signs of the coupling 
constant (159). The difference between the effect of 
hydrogen bonding on the coupling constant in the H-F and 
C-H bonds can be considered using Equation [7.2]. 

Pople and Santry (143) have proposed a simple 
model of the bonding in HF which was used to show where 


the contributions to the coupling constant arise. The 
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bonding in HF was considered to mainly involve a fluorine 
2p and the hydrogen ls atomic orbitals, since the fluorine 
2s atomic orbital is of much lower energy than that of the 
2p orbital. The molecular orbitals formed from these 


atomic orbitals can be described by, 


¥3 = ([p> - |h>)//2 
as (|p> + |h>) /v2 
(by = [ee 


where s, p, and h represent the fluorine 2s, 2p and hydro- 
gengls atomic orbitals “espectively ) 1f -the sbondsisacan= 
Sidered to be non-polar and the overlap integral is neg- 
lected. The orbital energies increase from by to b3 and 
the lower two molecular orbitals are doubly occupied. 
However, to have a non-zero coupling constant by a Fermi 
contact interaction, there must be some bonding between 
the fluorine and hydrogen s orbitals. By considering the 
bonding between s and h as a small perturbation, the 


molecular orbitals of HF were described as, 
Wee | ae |h> + x|s>)/vZ 


Cl estia ee x|s>) /V2 
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wnere=0< x << |. 


The small amount of bonding between s and h in vy produces 
a corresponding anti-bonding character in vo and b3- 


In this model, the term mT a We Yds @ |b ETE ol me) ¢yod NY ese 


HF 
has contributions from two excitations, by > V3 and bo ta b3- 
These contributions involve the products of the coeffici- 
ents of the s orbitals and the coupling constant will be 


Dproporez1onal sto 


On the basis of this model, a negative coupling constant 
was predicted since the negative contribution from vo > b3 
was expected to dominate because of the smaller energy 
difference. Calculations using the coefficients which 
have been more accurately determined by molecular orbital 
calculations also gave negative coupling constants (143, 
147). 

Although this bonding description does not pre- 
dict the correct sign of the coupling constant, it does 
provide a basis for rationalization of the changes in 
the coupling constant on hydrogen bonding. In this des- 


cription, the coupling constant is controlled by the small 


amount of bonding between the fluorine 2s and the hydro- 
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gen ls orbitals. This bonding could be expected to decrease 
in a hydrogen-bonded complex since the H-F bond becomes 
more ionic. The decrease in the covalent bonding would be 
reflected in a decrease in the coefficient x which would 
produce a decrease in the magnitudes of both the negative 
and positive contributions. This would result in a smal- 
ler coupling constant. 

The contributions to the coupling constant are 
also a function of the excitation energies, which are 
approximated in Equation [7.3] by the differences in orbi- 
tal energies. Theoretical calculations have found that 
the occupied orbital energies of the proton donor molecule 
increase in energy, and that the absolute change in energy 
is approximately the same for all orbitals (140). An in- 
crease of 5 to 10% in the orbital energies were calculated 
for HF complexed to HO and NH, as the proton acceptors. 
This would result in a decrease in the terms (Ee, - oa) 
which would increase the magnitude of the individual con- 
tributions to the coupling constant. Since the changes in 
these contributions will not be the same magnitude, the 
net effect is difficult to estimate from the rather uncer- 
tain description of the coupling constant in HF. However, 
it is not clear that the changes in the excitation ener- 


gies can produce the trends observed. 


22 


- 


aomoded Bd %H od womia xelgmon hel 3 : 
ed bivow patbaod tnelsvoo odj at easetosb ent | -2knok 9xom 
biuow doirw x tneivkiteos edt nt saseiosb s ai betosifez =~ 
evidspen edz dtod to aebusinpsm edt nt sesexoceb s eovborg 
-leme 5 ni tiveex Bivow eisAT .ancisudistnco evisieog bas 
.tasseanoo pailquoo 1z0eL 


~ “AF 


? 


a16 tnssenoo paifquos oft ot encisudiztmos mF _— 
sis dotdw ,zetprens soisstioxs sat to ivkstoner’ 6s oels 
~itduo mi eeonete22ib sat yd [€.V) moissupa at bessmixoxqas 
tadt Dawot eved anoitsiuslso Issitstosdi?T .eeiprene Iss 
eiuoelom zoneb motoig sat 20 e6iptens Is2idzo beiquove edt 
yosens oi epasido stuloeds sit tedt bas ,yprene al sasetont 
-ni aA .(OBf) eesidio [Is toi omse odd yletemixouqgs Bt 
betsivols> siew esipisns Isiidio ens oi #0L ot @ to Ssesez5 
-ei03geo98 nosoig sft 25 -HM bas Oh od bexelgmoo TH 203 
(,3 = 7) emzet srt ai Sse5ex295b 6 ni 3tivest biuow aid? 
“noo Isubiviibnt adt to sbuiinpsm eid seseteni biuow dotdw 
ni eepasdo sis sonia .tostenos paifquen edz of endistudiat 
ais ,shirtdinpsm emse sdt sd ton LlLiw ancijuditsoo09 seeds 
~ze0ny teite1 odd moitt estsmisee dt slaoitich ai ant oe 
,TOVeWoOH .4H ai tnastenod pnilquop eft to noisgizseeb aist 
“iene aoitsyioxe oft ni eopnsis sft tsdt, r8eL> gon ei at 


.bavisedo ebasxd i souborg 159 2 


15%. 


A simple bonding model can be used to show the 
differences in the dependence of the coupling constant in 
F-H and C-H proton donors on hydrogen bonding. If the 
bonding is described in terms of the hydrogen ls orbital 
and the 2s and a 2p orbital on the heavy atom, the bonding 


molecular orbital can be represented as 
¥, = a, |h> + b, | s> + c, | p> 
and the unoccupied antibonding orbital as 
Wo = a |h> + by | s> + c, | p>. 


The proportion of |s> and |p> in the molecular orbitals 
can be fixed by requiring b4 s cu /n. For example, sp? 
hybridization would require n = 3. In terms of these 


molecular orbitals the coupling constant is proportional 


to 


This expression can be transposed to 
238,02 2 2 


a, b aa) te Sea) 
tan Rhea Oe > CE 1 
[7.4] f~ egAb 7 gibi) hs 


by using the relationships which result from requiring ¥y 
and ¥ to be orthonormal, and neglecting overlap intergrals. 


Equation [7.4] has been found to adequately describe 
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the coupling constant in a non-polar a een bond (143). 
This expression is not intended to adequately describe the 
coupling constant in HF, but does provide a basis for con- 
sidering the differences in the qualitative behavior of 

15 (HF) and way eee on hydrogen bonding. 

The observed trend in 15 (HF) on hydrogen bonding 
is consistent with an increase in the charge separation or 
ionic character of the H-F bond in the direction H-F*. 

The increased ionic character will be reflected in a de- 
crease in a‘ in Equation [7.4] which would result in a smal- 
ler coupling constant if this effect dominated the change 

in the H-F coupling constant. In contrast the observed 
increase in Tie GH on hydrogen bonding clearly indicates 
that this mechanism does not dominate the coupling constant 
in C-H bonds, 

A possible explanation for this difference is 
the variation of mt in Equation [7.4] with changes in ay 
which is shown in Figure 17, assuming AE and n are con- 
stant. mm increases from zero for the completely ionic 


bond, X - Hie and reaches a maximum for a non-polar bond 


where aS 1/v2. “Figure 17"also” shows that) the partialeder-— 
ivative om/da,, which reflects the sensitivity of m1 to chan- 
ges in aj, goes to zero for completely ionic and complete- 


ly non-polar bonds. Since C-H proton donors can be consi 
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dered to be near the non-polar region, 1 will not be very 
Sensitive to changes in the ratios of the coefficients and 
could be dominated by other effects, such as changes in 

hybridization (59,60,156,157). The relative insensitivity 


Ty tl} oe 
of “J('~CH) to changes in bond polarity has also been used 


to explain substituent effects (160). In this bonding des- 


cription, a value of 0.4 for a, would be a reasonable est- 


1 


imate for HF (161), which is near the region where om / da, 


is at a maximum. Therefore a dependence of 15 (FH) Ole tire 


changes in the H-F bond polarity appears to be reasonable. 

In larger basis sets, the important excitations 
which contribute to the coupling constant will arise from 
the? occupied molecular orbitals involving the fluorine’ 2s 
and hydrogen ls atom orbitals (147-149). These contribu- 
tions should show corresponding sensitivity to changes in 
bond polarity since they involve the product of the un- 
equal coefficients of the hydrogen and fluorine s orbitals 
in the occupied molecular orbitals. 

There is certainly a need for further theoreti- 
cal studies before the effects of hydrogen bonding on 
coupling constants can be understood. There has been one 
calculation of the coupling constant in HF and FHF 
reported. Coupling constants of -331 and -82.9 Hz were 


calculated for HF and FHF respectively, by an INDO calcu- 
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lation based on Equation [7.2] (162). While the sign of 
the coupling constant in HF was incorrect, the calculations 
did predict with remarkable accuracy that these two coup- 


ling constants would be in the ratio 4:l. 


7.4 Variation of J(HF) with Base Strengths 

The variation of the coupling constant in HF may 
be a useful measure of the strength of the hydrogen bond 
and thereby provide a measure of the base strength of the 
proton acceptors. The changes in the li shieldings are 
not a very reliable measure of the strength of the hydro- 
gen bond since they are influenced by magnetic fields pro- 
duced by nearby electrons which are not necessarily rela- 
ted to the strength of the hydrogen bond. The differences 


os shieldings between the bihalide 


in the behavior of the 
ions and the HF complexes with the molecular bases, clearly 
demonstrate that this parameter is en generally corre- 
lated with enthalpy change associated with the hydrogen 
bond. There are very few measurements of the enthalpy 
change associated with the formation of a hydrogen bond to 
HF. An ir study of the temperature dependence of the 
equilibrium constant for the formation of the HF-diethyl- 


M, 


ether complex in the gas found AH = -7.2 kcal mole .— (163). 


The AH for the formation of FHC1] has been estimated as 
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-14 kcal mole on the basis of the trend observed for the 


gas phase reaction between several proton donors and Cl 
(32). The observed AH's for the formation of FHF in 
alkali metal crystals were corrected for crystal lattice 
effects to give AH = -60 kcal mole + (a t).e Therevicea 
linear relationship between these values of AH and the 
corresponding H-F coupling constants which suggests that 
the coupling constant may be a reliable measure of AH. 

The decrease in the H-F stretching frequency, 
AV, has been used as an estimate of the strength of the 
hydrogen bond (35). Figure 18 presents a plot of AV, ref- 
erenced to the gas-phase monomer frequency of HF, versus 
J(HF). It is encouraging that the trends in AY and in 
J(HF) reflect the same relative order of the proton accep- 
tors. This indicates that J(HF) may provide a useful scale 


for comparing the hydrogen bond acceptor strengths of both 


molecular and anionic proton acceptors. However, much more 
data, in particular better AH's, are necessary toe judge the 
quantitative accuracy of an enthalpy-coupling constant 
correlation. 

The point for the bifluoride ion was omitted from 
Figure 18 because the changes in the infrared stretch fre- 
quency and the coupling constant were very much larger 


than those for the other complexes. Since the change in 
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the coupling constant on the formation of FHF is so large, 
it is not certain that the coupling constant is still posi- 
tive. However, the agreement with the trend predicted in 
Figure 18 is much better if the coupling constant in the 
bifluoride ion is assumed to be positive. 

The consistent trend between the decrease in 
J(HF) and the base strength of the proton acceptor also 
supports the suggestion that the increased polarity of 
the H-F bond in the complex causes the decrease in the 


coupling constant. 
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CHAPTER 8 
CONCLUSION 


Hydrogen halides associate with the halide ions 
of tetraalkylammonium salts in suitable aprotic solvents 
to form bihalide ions. Solutions containing a hydrogen 
halide in the presence of an excess of halide ion can be 
described by a single equilibrium involving the formation 
of a bihalide ion, if the conjugate base of the hydrogen 
halide is not a weaker base than the halide ion added. 
When the halide ion added to a solution is a stronger base 
than the conjugate base of the hydrogen halide present, 
the proton is transfered from the hydrogen halide to the 
halide ion. The nmr and ir spectra of these solutions 
could be adequately described by assuming a quantitative 
proton transfer reaction. The proton shieldings decrease 
on the formation of the bihalide ion and two consistent 
trends are apparent in the proton complex shifts (defined 
only for the formation of a bihalide ion which does not 
involve a proton transfer process): 

(1) the magnitude of the complex shift of a given 
hydrogen halide increases with the base strength 
of the halide ion and reaches a maximum value 


for the homobihalide ion. 
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(2) the magnitude of the complex shifts of the hydro- 
gen halides complexed to a given halide ion 
increases with acid strength of the hydrogen 
halide and reaches a maximum value for the homo- 
bihalide ion. 

This study has definitely shown that the 2B 
shielding of hydrogen fluoride decreases on the formation 
of a hydrogen bond to the electrophilic hydrogen. This 


behavior of the 19 


F shielding has been previously observed 
only in a very limited number of cases (44,45,50,51). 
There is now at least one clear example of the effect of 
hydrogen bonding on the heavy atom shielding in each of 
the C-H, N-H, O-H, and F-H proton donors. In all cases, 
the formation of a hydrogen bond results in a decrease of 
the shielding in the atom bonded to the electrophilic 
hydrogen (see section 1.2.3). 

There is an approximate correspondence between 


the decrease in the ei shielding of hydrogen fluoride 


on the formation of a hydrogen bond, and the decrease of 
the corresponding we shielding and H-F coupling constant, 
and the increase in the base strength of the proton accep- 
tor, except for the bihalide ions. The oar, shielding in 


all four bihalide ions are the same, to within the experi- 


mental uncertainty, and are over 70 ppm less than the 
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shielding in gaseous hydrogen fluoride. 

The first examples of the effect of hydrogen 
bonding on the H-F coupling constant of hydrogen fluoride 
have been observed. The H-F coupling constant decreases 
on the formation of a hydrogen bond which is in contrast 
to the behavior of the corresponding coupling constants in 
be Hi and Tne H proton donors (43,59). The H-F coupling 
constant in hydrogen fluoride is very sensitive to the 
strength of the hydrogen bond formed, and the variation 
in this coupling constant appears to be a useful measure 
of the base strength of both molecular and anionic Lewis 
bases. 

The interpretation of the mechanisms which 
result in the decrease in the proton shieldings and the 
H-F coupling constants complements the theoretical studies 
of hydrogen bonding. These theoretical studies have pre- 
dicted the following changes on the formation of a hydro- 
gen bond (116): 

(a) a "charge shift" or polarization of the bond in 
the proton donor 

(b) a charge transfer from the proton acceptor to 
the proton donor 

(c) a decrease in the charge density of the bridging 


hydrogen 
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(d) an increase in the bond length in the proton 
donor. 

A description of the proton shielding in terms of local 
contributions was used to show that the hydrogen charge 
density must be smaller in the homobihalide ion than in 
the corresponding hydrogen halide. The trends in the pro- 
ton shieldings appear to be dominated by the polarization 
of the hydrogen halides by the electric field of the Lewis 
base. This results in a decrease in the local diamagnetic 
shielding due to the decrease in the hydrogen electron 
density, and a decrease in the shielding arising from the 
neighbour anisotropy effect of the halogen. However, in 
the bihalide ions an additional significant shielding con- 
tribution is present which arises from the anisotropy 
created in the halide ion on the formation of the hydrogen 
bond. This effect is consistent with the predicted charge 
transfer from the proton acceptor to the proton donor. 

The decrease in the H-F coupling constant was 
interpreted in terms of an increase in the ionic character 
of the H-F bond in the hydrogen-bonded complex. 

An interpretation of the decrease in the ahs 
shielding could not be found which was compatible with an 
increase in the fluorine charge density. This is probably 


due to the inadequacy of the shielding model since the 
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fluorine charge density in a complex such as FHF is un- 
doubtedly larger than that in HF. 

Quantitative calculations of the nuclear shield- 
ings and coupling constant in hydrogen-bonded complexes 
are certainly needed. Theoretical calculations have been 
successful in describing many of the properties of hydrogen- 
bonded complexes but very few attempts have been made to 
calculate the nuclear magnetic properties of these com- 
plexes. The observations reported here should provide a 
useful contribution to the data necessary to test these 


calculations. 
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APPENDIX 


The equilibrium concentrations of the species 
present in solutions containing a hydrogen halide, HA, and 
the tetrabutylammonium salt of the halide ion B , where 
Beelcea stronger base than A , were calculated assuming a 
quantitative proton transfer from HA to) Bi, 

The following equations were used to describe 
solutions where the number of moles of B added were less 


than or equal to the initial amount of HA: 


[a.1] HA +B ——— HB + A 

PR, ——— % _ _[AHA ] 
[A . 2] Hee AHA Ky = THRTTES 
[aA.3] Hee 2) ae a BH fe, on LBS 


2 + THBITA) 
If the initial concentrations are defined as 


[HA] | 
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where a > b, the equilibrium concentrations are 


(AHA ].= x [HA] =a-b-x 
[BHAS] = Vv [HB | =e Deas y, 
[B] =0 [A] =b-x-y 
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The following equations can be derived from the expressions 


for the associations constants: 


[A.4] iim = oe 
x (2 = b) = x(a = 1) 
2 2 
2 2 
K 2aK bK K 
1 3 i L 1 2 
K e ~ 1) x - - ——- K.(a - b) + = - 1}x 
al Ko K, K, 1 Ko 
ere Ky een? 1 KY 2 
+ x (a =e) x (a - b))x - (a - b)” = 0 
2 2 


In the region where a < b the following equilib- 


ria will be present: 


[A.6] HB + A === BHA 
Aer" HB + B == BHB hey & PLE Serie 
[HB] [B ] 


The equilibrium concentrations are given as 


[BHAS) “= y [HB] =a-y-z 
[BHB ] = z [BB] =b-a-2z 
[HA] = 0 [A] =a-y. 


The following equations can be derived from the expres- 


sions for the association constants: 
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In every case an unique solution was found. 
Since these species in solution are undergoing 
rapid proton exchange, the average shielding can be 


calculated from 


where f. is the fraction of species i with shielding O,- 
Tables XVII, XVIII, and XIX present the calculated 

and¥oebserved shieldings”for solutions” in sym-tetrachloro— 
ethane at 34°. The average values of the association 
constants and proton shieldings presented in Chapter 3 

were used. The largest deviations between the calculated 
and observed shieldings occurs in solutions which contain 
an excess of hydrogen halide. These deviations are in the 
direction expected if complexes of the type ne OER a) are 
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Table XVII. Proton shieldings in solutions containing 


0.1M HBr and Bu,NCl in sym-tetrachloroethane 


[Cl ] added o Calculated o Observed Difference 
(ppm) (ppm) 
G2 010 1 sie ae: 0.90 +0224 
OO bos = .33 -1.10 amily i) 
0.0267 -1.32 -1.87 ae 0) ONO) 
0505568 -4,84 -5.50 Or O10 
0.0943 -7.49 -8.33 +0.84 
CFL 085 -8.40 -8.87 +0.47 
Oni290 -9.84 -9.80 -0.04 
OoLol? -12.04 -12.24 +0520 
O21 96 -13.24 eS ee oS -0.09 
0.4614 -13.64 -13.40 -0.24 
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Table XVIII. Proton shieldings in solutions containing 


0.2M HI and Bu,NCl in sym-tetrachloroethane 


———————————————————————————————————————————————————————————————————————————————_ — 


[Cl ] Added o Calculated o Observed Difference 
(ppm) (ppm) 
0.0585 be a4 4.90 sree wij’ 
ORE 2 OL Oey -0.05 ar Ore) 7 
One2*26 aot by yee) -5.68 = FW ee AIS 
0.2961 -9.38 -9.78 +0.40 
Ores2.03 —1 1,29 -11.58 +0. 29 
0.4363 13.02 -12.84 -0.17 
Dee Oso 2, -13.64 =—l2.22 -0.12 
0.8768 -13.78 —13.89 cele, 2u@) 
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Table XIX. Proton shieldings in solutions containing 


0.2M HI and Bu,NBr in sym-tetrachloroethane 


[Br ] Added o Calculated o Observed Difference 
(ppm) (ppm) 
00999 B94 Shesie) Ore 
022002 -2.37 -2.84 Oia 
0.4461 -8.82 -8.87 0.05 
O76 L005 Seis) So 0.16 
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